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REVIOUS workers have obtained hybrid seedlings from diploid Fragaria 

vesca x cultivated strawberry, but they were always sterile so that new 
types never became established. A colchicine-induced autotetraploid of F. 
vesca L. (DERMEN and Darrow 1938) when used in a series of crosses with 
the octoploid cultivated strawberry (x F. ananassa Duch.) has given hybrids 
varying in fertility from completely sterile types to fully fertile ones. Fruits 
of some of the fertile seedlings have a pleasing, high aroma similar to that of 
F. vesca. Since aroma is a desirable character to incorporate into cultivated 
strawberry varieties, the fertile new types may be of economic importance. 
Since the new hybrids involving tetraploid F. vesca and cultivated strawberry 
gave progenies with both fertile and infertile forms, questions arose regard- 
ing the chromosome numbers of these plants, their meiotic behavior, their 
pollen production, and the procedure to use in a practical breeding program. 
Consequently, a cytological study dealing with this material seemed necessary 
to answer the above questions and to supply a basis for further hybridization 
work. This is a report of such a study. 

A comprehensive review of literature on strawberry breeding up to 1937 
was given by Darrow (1937). Hence, only those papers that are pertinent 
to the present cytological report will be considered here. DUCHESNE (1766) 
accurately described many different species of strawberries. The chromosome 
numbers of the different species were unknown until IcH1j1ima (1926), 
KrHara (1926), and LonGLey (1926) reported on them. Lonciry (1926) 
pointed out that there were three natural groups, diploid, hexaploid, and 
octoploid, with a basic number of x = 7. He considered Fragaria vesca one of 
the most primitive species. The diploid species with 14 somatic chromosomes 
are represented today by F. vesca L., F. nilgerrensis Schlecht., F. daltoniana 
J. Gay, and F. viridis Duch. There is only one hexaploid, F. moschata 
Duch. ; but there are three octoploid species, F. virginiana Duch., F. chiloensis 
(L.) Duch., and F. ovalis (Lehm.) Rydb. The cultivated strawberry (x F. 
ananassa Duch.) is believed to have resulted from hybridization of F. vir- 
giniana and F. chiloensis, as first noted by DUCHESNE (1766). 


1 Thesis submitted to the Faculty of the Graduate Schogl of the UNiIversity oF 
MARYLAND, in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 
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Previous reports showed that crosses between Fragaria species of different 
chromosome numbers gave sterile or only slightly fertile hybrids, but inter- 
specific crosses made within any one chromosome group usually gave fertile 
plants. Under natural conditions apparently the same situation prevails. 
Bunyarp (1913) in a detailed history of the strawberry dating from about 
the 13th century pointed out that the European F. moschata and the North 
American F. virginiana showed no evidence of hybridizing when grown in 
the same locality. 

MANGELSporF and East (1927), YARNELL (193la,b), Powers (1944), 
and others have shown that species with the same chromosome number cross 
readily and irregularities in meiosis were infrequent and of a minor nature. 
Icu1j1ma (1926) concluded from his studies that meiosis within the different 
species was very regular. Similarly, the meiotic behavior of hybrids derived 
from crosses between species within a chromosome group was regular, with 
the exception of a cross between two diploid species, Fragaria bracteata 
Heller x F. helleri Holz. (allied to F. vesca) which gave a single tetraploid 
plant. In a later study IcH1J1ma (1930) reported many meiotic irregularities 
in pentaploids derived from crosses of diploid with octoploid species. All of 
his attempts to cross diploid with hexaploid or hexaploid with diploid yielded 
seedlings with only the maternal chromosome number, all apparently coming 
from self-pollinations. Crosses of hexaploid with octoploid species failed to 
set any fruit. YARNELL (1929b, 193la, 1931b) conducted extensive cytologi- 
cal studies of strawberry crosses. He obtained pentaploids (2n = 35) from the 
cross F. vesca x F. chiloensis. One of the pentaploids set open-pollinated seeds 
which produced two plants, one with 70 chromosomes and one with 90. He 
used tetraploids obtained from the plant described by IcH1J1Ma in crosses 
with other species. Hexaploid x tetraploid and the reciprocal cross gave 16 
plants, all of which were entirely sterile. Seedlings from octoploid x tetraploid 
crosses were completely sterile except for one plant that set some seed. 
Aneuploid seedlings were obtained in some cases. 

LILIENFELD (1934) reported the origin of a fertile tetraploid (2n = 28) 
obtained from Fragaria nipponica Makino (2n = 14) x F. elatior (F. mos- 
chata) (2n=42). The reciprocal cross was difficult to make and gave penta- 
ploids (2n = 35) instead of the expected tetraploids—presumably from unre- 
duced F. nipponica pollen fertilizing reduced F. elatior ovules. In a popula- 
tion of 319 plants from the selfed tetraploid, 1 plant was larger, more fertile 
than the others, and had 42 chromosomes—arising presumably from an un- 
reduced gamete with 28 and a reduced gamete with 14 chromosomes. Later 
LILIENFELD (1936) reported that this plant with 42 chromosomes when 
crossed with F. elatior (2n = 42) produced fertile seedlings, all with 42 chro- 
mosomes. She postulates, therefore, that F. elatior is an autohexaploid de- 
rived from F. nipponica or some closely related diploid species. 

Naturally occurring tetraploid species were unknown until 1934, when 
Feporova (1934) reported that Petrov found a form with 28 chromosomes 
which he referred to Fragaria orientalis Losinsk., an Asiatic species previ- 








POLYPLOIDY IN STRAWBERRIES 313 


ously considered a botanical variety of F. vesca. Feporova (1934) obtained 
15 seedlings from 5,430 seed of the cross F. vesca x F.-elatior (F. moschata), 
11 of which were maternal diploids, 2 tetraploids, and 2 pentaploids. The 
tetraploids resembled F. vesca more than F. elatior in appearance, and were 
completely sterile. One pentaploid was partially fertilé, but the other was 
sterile. A cross of cultivated strawberry x F. elatior yielded 45 seedlings of 
which 5 were partially fertile. One seedling with 49 chromosomes was selfed, 
and in the progeny 14 plants were obtained with chromosome numbers of 
42, 56, 63, 77, 84, and 98, which indicated that unreduced gamates frequently 
occurred. In a cross of F. vescax F. moschata, SCHTEMANN (1943.) obtained 
maternal types and 6 true hybrids of which 1 was tetraploid and 5 were 
pentaploid. The pentaploids apparently resulted from 2 genomes of F. vesca 
(unreduced F. vesca) and 3 genomes of F. moschata. N1Lsson and JOHANS- 
son (1944) used a colchicine-induced tetraploid F. vesca in crosses with an 
octaploid and obtained hexaploid plants that were sterile. Attempts to double 
the pentaploid obtained from diploid F. vesca~x cultivated octoploid were 
unsuccessful. 

Extensive interspecific hybridization has been conducted in Russia (Docap- 
KINA 1941, Feporova 1934) and recent reports by Feporova (1946a, 1946b) 
and SMOLYANINOVA (1946) have been made since the present study was in- 
itiated. Although their polyploid material was derived largely from the origi- 
nal cross of cultivated strawberry x Fragaria moschata, their results closely 
parallel certain phases to be reported here. SMOLYANINOVA (1946) reported 
that most of the seedlings from a cross of F. moschata x cultivated strawberry 
were sterile and vigorous, but a few were fairly fertile with good aroma. 
Their appearance was similar to the cultivated strawberry, although the plants 
examined cytologically had 49 chromosomes. FEporovA (1946b) reported on 
a partially fertile seedling from the cross of cultivated strawberry x F. mos- 
chata. When this plant was selfed, the progeny had seedlings with 2n chromo- 
some numbers of 42, 56, 63, 70, 77, 84, and 98. The plants with 63 and 70 
chromosomes were most vigorous whereas those with 98 were dwarfs. The 
fertility of the hybrids varied from completely sterile to fully fertile plants 
within each chromosome group of 42, 56, 63, 70, and 77. Meiotic studies in- 
dicated that reduced fertility was associated with the presence of univalent 
and multivalent configurations. Multivalent association seemed to cause 
greater reduction in fertility than did univalents; accordingly in the 63-chro- 
mosome group the fertile plants had few multivalents but had a preponder- 
ance of bivalents with a few univalents. WaALpo and Darrow (1928) grew 
seedlings of F. virginiana x F. moschata; although they were vigorous, only 
7 out of a large population were even partially fertile. All of the seedlings 
obtained by KrHara (1930) from a similar cross were sterile. 

It is apparent from the results obtained by these previous workers that 
hybrids from crosses between species of different chromosome numbers have 
been sterile or only slightly fertile. Thus none of the characters from Fragaria 
vesca or F. moschata has ever been incorporated by other workers through 
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controlled hybridization into F. virginiana, F. chiloensis, or their cultivated 
counterpart, x F. ananassa, with the exception of Freporova’s recent hybrid 
forms. 


MATERIALS AND METHODS 


The tetraploid Fragaria vesca obtained by DERMEN and Darrow (1938) 
was used as a source of F.. vesca characters. From a cross made in 1940, using 
an octaploid pistillate strawberry (US 1798) as the seed parent and the tetra- 
ploid F. vesca as the pollen parent, hybrids were obtained, most of which 
were sterile or only slightly fertile. In 1943 four of these slightly fertile F; 
plants were planted in a field with a large collection of cultivated varieties. 
Both fertile and infertile plants were obtained from open-pollinated seeds 
collected from these hybrid selections. Some of the above-mentioned hybrid 
selections (see table 1) were used as parents in controlled crosses in 1947 to 
provide material for further studies. The crosses made and progenies ex- 
amined cytologically are listed in table 2. 

Crosses were made in the greenhouse in early spring, the seeds harvested 
from fully ripened fruits, and held in the laboratory until they were planted 
on shredded sphagnum about July 1. The seedlings were spotted off into 
4-inch pots and grown until good root tips were available for chromosome 
counts. After root tip samples were obtained, the plants were placed in a cool 
greenhouse where they were left until the next spring, at which time flower- 
ing and fruiting records were taken. 

The plants were classified for fertility by placing them in one of the follow- 
ing five groups: (1) plants with no flowers; (2) plants sterile, producing 
flowers but not setting seeds; (3) plants slightly fertile, with “ nubbin ” fruits 
having only a few seeds; (4) partial fertility, in which the berry filled out 
and had a number of seeds; and (5) complete fertility, in which the berries 
were well developed and had a relatively full complement of seeds. 

Pollen samples were stained with aceto-carmine to determine the percent- 
age of iormal and aborted pollen grains. 

The paraffin method was used for the preparation of nearly all the cyto- 
logical material. The material was fixed in Navashin’s or Craf’s fluid, em- 
bedded, sectioned at 10 to 12 microns, and stained in crystal violet, using a 
modified technique suggested by BAmForD (personal communication) in 
which the material was kept in the stain for 18 to 24 hours and then destained 
in 95 percent alcohol. Chromosomes stained sharply when treated in this 
manner, 


RESULTS 


Chromosome numbers of first polyploid selections 


Since the chromosome numbers of the .selections made in 1943 and 1946 
were unknown when the present studies were initiated in 1947, they were 
determined as a first step in the study and are given in table 1 with their 


parentage. 
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TABLE 1 


Chromosome numbers of the first polyploid strawberry selections. 





Chromosome number 





Selection Parentage of selection = 
of selection 
3502 US 1798 x F. vesca 4x 42 
3504 US 1798 x F. vesca 4x 42 
3504-2-1 3504 X 8x A. V.! 49 
3266-1-1 3266 X 8x A.V. 70 
3266-1-2 3266 X 8x A.V. 70 
3267-1-1 3267 X 8x A. V. 70 
3502-1-1 3502 X 8x A. V. 70 
3504-2-2 3504 x 8x A. V. 70 
3504-2-4 3504 x 8x A. V. 70 





"Assorted varieties. See page 314 of text for explanation. 


The tetraploid Fragaria vesca is one of the parents and a cultivated variety 
the other in each of the hybrid hexaploids: 3502, 3504, 3266, and 3267. Only 
the 3502 and 3504 of these four selections were still in existence in 1947 for 
cytological examination. Both had 42 chromosomes, which is the expected 
intermediate number of the parents; and from the breeding behavior of the 
other two it would appear that they also had 42 chromosomes. The occurrence 
of plants with 70 chromosomes (decaploids) obtained by natural pollination 
of the hexaploids (2n=42) by the cultivated strawberry (2n = 56) is sig- 
nificant (table 1). The fact that these types are fertile makes them of particu- 
lar interest, especially since the one heptaploid selection (3504—2-1) from 
the same cross is only partially fertile. The one selection with 49 chromo- 
somes and the six with 70 chromosomes were the only seedlings saved out 
of a population of about 300 mature plants obtained from seeds of hexaploid-x 
octoploid varieties. 


Crosses made in 1947 


The controlled crosses made and seedlings obtained from the pollinations in 
1947 are given in table 2. Relatively few seeds were obtained from some 
pollinations. 

Seed germination was low for most lots (table 2) and, consequently, the 
progenies for later studies were not so large as would be desirable. However, 
it should be noted that successful crosses were made readily between plants 
of different chromosome numbers and seedlings were, produced from all 
crosses attempted except the 3502 x self. 


Chromosome numbers of seedlings from different crosses and their fertility 


The chromosome numbers of the seedlings in different crosses are given in 
table .3. 

Chromosomes in strawberry are very small in somatic cells as indicated in 
figures 1 to 9 and as observed by YARNELL (1929a). 

Fertility of the seedlings whose chromosome numbers had been deter- 
mined in the different crosses is summarized in table 4. A few seedlings were 
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TABLE 2 
Strawberry crosses in 1947 involving polyploid selections. 
Seeds Seedlings 
Cross Chromosome number obtained dustent 
of parents N 
°. % 
Midland X F. vesca 4x 56 x 28 160 35 
Md. 683 X 3502 56 x 42 106 40 
3504 X Midland 42 x 56 100 24 
3502 X self 42 x 42 2 0 
3266-1-1 x 3502-1-1 70x 70 107 13 
3266-1-1 x Midland 70 x 56 161 12 
3266-1-2 x 3502-1-1 70x 70 55 sees 
3266-1-2 xX Midland 70 x 56 411 dll 
3504=2-2 x 3502-1-1 70x 70 404 22 
3504-2-2 x Midland 70 x 56 497 42 
F. vesca 2x X Midland 14x 56 80 2 





too weak to live over winter and thus there were fewer seedlings listed for 
some crosses in table 4 than in table 3. 

The results can be summarized best by examining the crosses according to 
the parentage groups. 

Cytological examination disclosed three classes of seedlings from the cross 
Midland x tetraploid Fragaria vesca: 18 with 40-42 chromosomes, 8 with 42, 
and 8 with 56. The first two groups are perhaps all 42-chromosome plants, 
as has been pointed out; but ‘those with 56 chromosomes are apparently from 
seed that resulted from self-pollination in the flower bud. Since all flowers 
were emasculated at least a day prior to their opening and were protected 


TABLE 3 


Distribution of strawberry seedlings from different crosses according 
to number of chromosomes, ' 





Number of seedlings in each 








Chromosome chromosome class 
Crosses numbers of r ; 
parents 0- 47- l- 67- 
42 42 49 49 56 63 63 70 70 77 Total 

Midland X F. vesca 4x 56 x'28 18 8 BG nsee sees cose cone cece 34 
Md. 683 X 3502 56 x 42 G.. oR ae. “aie nase $1 35 
3504 x Midland 42 x 56 Ue ices: tee ae ce 2 iss. ee 
3504 X 8x A.V.? 42x 56 ae ree ae b ics | -2S 
3504-2-2 X Midland 70 x 56 26 Davee cove core 35 
3504=2-2 < 3502-1-1 70 x 70 Ss #8. a9 
3266-1-1 X< 3502-1-1 70x 70 . Eu. F2 
3267-1-1 xX 3502-1-1 70 x 70 oe ftw 





‘In somatic tissue in strawberries. one rarely finds figures in which all the 
chromosomes are distinctly separated, and consequently exact counts could not be 
obtained for all plants. Where excellent figures were found for counting, the num- 
bers were always multiples of the basic number x = 7. It may be presumed, there- 
fore, that of the 18 seedlings listed in table 3 as having 40-42 chromosomes, all 
had 42, the intermediate numbers of the parents. 

2A. V. = assorted varieties. 
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from chance pollination after emasculation, the explanation seems to be either 
precocious pollination through an accidental crushing of an anther, or. apo- 
mixis. To check on this point a cross was made in the spring of 1948 (not 
shown in table 3 or 4), a pistillate octaploid being used as seed parent and 
pollen from both the diploid and the tetraploid F. vesca. Thirty pollinations 
yielded only 15 seeds from which were obtained 7 seedlings, none of which 
were maternal octoploids. Although other investigators have reported obtain- 
ing maternal-type plants in wide species crosses in strawberries (DARROW 
1937), HunTer’s (1941) attempt to induce parthenogenesis in the straw- 
berry resulted in only one seedling that he thought may have been from a 
chance pollination. 

Most of the hexaploid seedlings were very vigorous but either failed to 
blossom or were sterile. One seedling out' of 26 was slightly fertile (table 4). 


TABLE 4 


Fertility ratings of strawberry seedlings of different chromosome numbers 
derived from various crosses. 





Ciiminiibaiaiaiain Number of plants in each class 








Cc number of Total 
ee ee ='s No Sterile Slightly Partially Fertil number 
—— flowers flowers fertile fertile os 

Midland X F, vesca 4x 42 13 12 1 — me 26 
Md. 683 X 3502 49 3 7 13 onnk sin 23 
Md. 683 x 3502 70 2 iil ‘de 1 trie 3 
Md. 683 X 3502 77 ae a cage 1 a 1 
3504 X Midland 49 8 | 2 oan ahs ll 
3504 X Midland 70 wens oc eck ec 1 1 
3504 X 8x A.V.' 49 2 nes 3 ss sais 5 
3504-2-2 X Midland 63 ll oeee 1l 1 23 
3266- 1-1 X Midland ee 5 6 7 sees 18 
3504-2-2 X 3502-1-1 70 3 1 8 8 20 
3267-1-1 X 3502-11 70 8 2 10 20 
3266- 1-1 x 3502-1-1 70 1 nee 11 12 





‘A, V. = assorted varieties. 


The most interesting crosses were those involving hybrid hexaploids x 
cultivated octoploids as it is from these crosses that decaploids and one eleven- 
ploid originated (table 3). Most of the seedlings had the intermediate 
chromosome number of the parents, but six of the 60 hybrid seedlings had 
70 chromosomes and one had 77. To have found six decaploids in so small 
a population is very interesting. These decaploids apparently originated from 
unreduced gametes of the hexaploid uniting with the regular gametes of the 
octoploid, 42 chromosomes from unreduced gamete of hexaploid+28 from 
the gamete of octoploid = 70. The decaploid seedlings occurred in progenies 
where the hexaploids were either a seed parent or a pollen parent (table 3), 
which indicates that unreduced gametes were functional both as eggs and as 
pollen. Meiotic studies (see below) give further evidence by showing that un- 
reduced gametes do occur. The one eleven-ploid plant found must have arisen 
from an unreduced octoploid gamete uniting with a reduced hexaploid gamete, 
56 chromosomes from unreduced gamete +21 from hexaploid =77 (fig. 9). 
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The eleven-ploid plant was only partially fertile and was not so vigorous as 
the decaploids. 

In addition, there were eight seedlings with 56 chromosomes and, as in the 
previous cross of Midland x tetraploid Fragaria vesca, it is believed they re- 
sulted from precocious self-pollination. These were all fully fertile. 

In the cross 3504-2-2 x Midland (70 x 56-chromosome parentage) all of 
the seedlings were apparently enneaploids‘with 63 chromosomes (fig. 7). 
They were vigorous and ranged in fertility from plants with no flowers to 
one with partial fertility, but most of them were only slightly fertile (table 
4). A similar cross of 3266-1-1 x Midland produced 18 seedlings that showed 
the same fertility relationship, but the chromosome numbers were not deter- 
mined for these as they appeared similar in all respects to the seedlings of 
3504-2-2 x Midland. Such hybrids probably would be of little value in a 
breeding program since most of the plants would be too infertile to be of 
practical use. 

Decaploid x decaploid crosses produced seedlings that were apparently all 
decaploids with 70 chromosomes, on the presumption that those seedlings 
listed in table 3 as having 67 to 70 chromosomes probably have 70. The 
counts of the 70-chromosome plants were relatively easy to make, perhaps 
because the large cells made possible fairly flat figures. Although the seedlings 
were vigorous, their fertility was widely different. Of the 52 decaploid plants, 
29 were classified as fully fertile, 8 partially fertile, 3 sterile, and 12 were 
without blossoms. Fertility in these seedlings obviously was dependent on 
some factor other than proper chromosome number, but it should be noted 
that there was a much higher percentage of fertile and partially fertile seed- 
lings in these crosses than in those where the seedlings had 42, 49, and 63 
chromosomes. 


Meiosis in the polyploid selections 


Meiosis was studied in the microsporocytes of the tetraploid Fragaria vesca, 
the hybrid hexaploid selections 3502 and 4109, the heptaploid selection 3504— 
2-1, and the three decaploid selections 3266-1-2, 3502-1-1, and 3504-2-4. 
These will be considered separately. 

Tetraploid Fragaria vesca. The tetraploid F. vesca usually had some multi- 
valents at metaphase I, as would be expected in an autotetraploid. The num- 
ber and kind of multivalents varied in different cells and no figures were 
seen that had 14 bivalents. Configurations frequently observed were as fol- 
lows: 3 quadrivalents and 8 bivalents (fig. 10) ; 2 quadrivalents, 2 trivalents 
and 7 bivalents; 4 quadrivalents and 6 bivalents. Univalents were present in 
some cases, and one cell had 10 univalents plus 3 bivalents and 3 quadriva- 
lents. Regular and irregular metaphase I configurations were found in 
microsporocytes from the same anther. Abnormal metaphase behavior in 
which the chromosomes failed to line up on the plate (fig. 11) was frequently 
observed. Anaphase I was usually quite regular (fig. 12), but irregular ana- 
phase I configurations were observed. The unequai distribution of chromo- 
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somes, as observed in irregular anaphase I, offers an explanation for the 
occurrence of nuclei at metaphase II having different chromosome numbers, 
and may account for the origin of some of the differences in the size of the 
pollen. A metaphase II configuration was observed with 16 chromosomes in 
one group and 12 in the other (fig. 13). 

Metaphase II and anaphase II were both regular and irregular in different 
cells (fig. 14), lagging chromosomes at anaphase II being the most notable 
feature. An occasional irregular anaphase II was observed where the chromo- 
somes were not grouped at the poles (fig. 15). Although many irregularities 
were observed, some of the microsporocytes apparently went through meiosis 
in a regular manner and formed normal-appearing tetrads and pollen. 

Hybrid hexaploids. Many meiotic irregularities were observed in the hybrid 
hexaploids 3502 and 4109, beginning at diakinesis and continuing through the 
successive stages to tetrad formation. Univalents, bivalents, and quadrivalents 
occurred at diakinesis. Multivalents and univalents were frequent at meta- 
phase I, as indicated by a cell with 4 univalents, 13 bivalents, and 3 quadri- 
valents (fig. 16). In two other typical mother cells, the configurations had 3 
univalents, 13 bivalents, 3 trivalents, and 1 quadrivalent; and 4 univalents, 
9 bivalents, 4 trivalents, and 2 quadrivalents. In numerous cells observed at 
metaphase I chromosome behavior appeared irregular (fig. 17). Lagging 
chromosomes frequently occurred at anaphase I (fig. 18) accompanied ap- 
parently by unequal distribution of chromosomes to the poles. This was re- 
flected in the number of chromosomes found in metaphase II figures as, for 
example, a cell with 24 chromosomes in one nucleus and 18 in the other (fig. 
19, left). Another cell showed 26 and 16 chromosomes in the nuclei, which, 
as in tetraploid Fragaria vesca, may explain the origin of the differences in 
size of pollen grains. However, well-spread groups of chromosomes at meta- 
phase II were rare and this stage seemed to be characterized by excessive 
clumping, so that accurate counts could not be made in most cells. In one 
cell three groups of chromosomes instead of the customary two were seen at 
metaphase II. Anaphase II was both irregular (fig. 19, right) and regular 
(fig. 20), the latter apparently resulting in normal-appearing tetrads. 

Among the tetrads of 3502, cells were present with only two large nuclei 
which were apparently dyads (fig. 21, lower left). Less frequently monads 
were seen at this stage (fig. 21, lower right). A typical situation is illustrated 
(fig. 22) in which there was a normal tetrad, a small microspore in the tetrad 
group, an unreduced cell, and a degenerating tetrad. The small microspores 
occurred rather often at the tetrad stage (fig. 23). Cells were noted in which 
the nucleoli appeared spaced as in tetrads, but there had been no cytokinesis 
(fig. 24). Such cells were rare, but serve to illustrate the irregularities ob- 
served in meiosis. Typically normal tetrads (fig. 25) occurred fairly fre- 
quently in the hexaploid and these apparently developed into pollen grains 
with the regular reduced chromosome number of 21. 

Heptaploid selection. The heptaploid selection, 3504-2-1, was very irregu- 
lar in meiosis, and this was reflected in the plant’s being only partially fertile. 
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Both multivalents and univalents were frequently noted at metaphase I. 
Some configurations occurred in which there were 3 trivalents, 12 bivalents 
and 16 univalents (fig. 26). Another microsporocyte had 2 quadrivalents, 1 
trivalent, 17 bivalents and 4 univalents; a different cell had 6 quadrivalents, 
7 bivalents and 11 univalents. It was evident from examining other metaphase 
I configurations that the chromosome association was highly variable. This 
was further reflected in failure of chromosomes to line up at metaphase I 
and II. Small microspores. occurred as in the hybrid hexaploids. Dyads were 
rare. Tetrads that did occur appeared fairly regular although they were 
variable in size. 

Meiosis in the cultivated strawberry was not studied in the early stages 
since previous workers had reported it to be quite regular. Tetrads were 
examined of the Fairland variety and they appeared to be regular and uni- 
form. 

Decaploid selections. The meiotic behavior of the decaploids varied some- 
what, depending on the selection involved. Thus 3266—1-2, which had the 
most aborted pollen (table 5), showed multivalents at metaphase I and fail- 
ure of chromosomes to line up properly on the plate (fig. 27). Small micro- 
spores were observed, one of which is shown in figure 33. The other deca- 
ploids were quite regular, especially during the early phases of meiosis, with 
35 bivalents present at metaphase I (fig. 28), and lined up precisely on the 
plate (fig. 29). In some of the later stages, however, abnormalities were ob- 
served, such as an occasional dyad (figs. 30 and 32) and unreduced cells 
among tetrads (figs. 30 and 31). Some of the unreduced cells had chromo- 
somes at metaphase (figs. 30 and 31), byt they were quite different in ap- 
pearance from typical metaphase I, as is shown in figure 29. For the most 
part tetrad formation was regular, giving a high percent of good pollen in 
the decaploids. 


Pollen studies 


Pollen was examined from Fragaria vesca, Blakemore, Fairpeake, and the 
polyploid selections, since the kind of pollen produced is a result of and also 
a reflection of the meiotic behavior of the plants. The percentage of stainable 
pollen in random samples of the different selections or varieties is given in 
table 5, and the variability in size of pollen in table 6. Pollen grains in diploid 
F. vesca were very uniform in size and shape and aborted grains were rarely 
found. The tetraploid F. vesca pollen, however, had only 54 percent that was 
stainable and it was variable in size (table 6). The 3502 hexaploid had 50 
percent stainable pollen which was extremely variable in size, as might be 
expected. There was an even greater reduction in good pollen (table 5) in 
the 3504-2-1, which is the heptaploid selection that is partially fertile. In 
the decaploid selections the percentage of good pollen was equal to or higher 
than that of Fairpeake and Blakemore, except for 3266-1-2 where the great- 
est irregularity in meiosis in the decaploids occurred. Many of the pollen 
grains of 3266-1-2 were smaller than the other decaploids. Although the 
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TABLE 5 


Percentage of stainable pollen in random samples and fertility of plants in 
strawberry varieties and selections differing in chromosome number. 








Varieties and Chromosome Pollen examined Stainable pollen ahd 
selections number number percent Fesility 
Fairpeake 56 702 44.9 Fertile 
Blakemore 56 705 61.4 Fertile 
F. vesca 2x 14 500 99.0 Fertile 
F. vesca 4x 28 974 54.1 Partial 
3502 42 436 50.0 Slight 
3504-21 49 777 36.6 Partial 
3502-1-1 70 853 58.7 Fertile 
3266-1-1 70 328 71.0 Fertile 
3266-1-2 70 466 8.2 Fertile 
3267=1-1 70 785 78.1 Fertile 
3504-2=4 70 438 82.0 Fertile 





pollen of all the decaploids was somewhat variable in size, pollen of 3504-2-4 
was less variable than the others (table 6). 


General characteristics of the polyploid plants 


The tetraploid Fragaria vesca plants were usually about as tall as the dip- 
loids with larger, thicker leaves that were more sharply serrate on the mar- 
gins and its flowers were usually larger, with broader petals than the diploid. 
It was much less fertile than the diploid. 

The hybrid hexaploids were usually very vigorous, produced abundant 
runners, and were sterile; but a few plants were inclined to be weak. Al- 
though most of the plants were completely sterile a few, such as 3502, 3504, 
and 4109, were slightly fertile, producing from 1 to 10 or 12 séeds on “ nub-— 
bin” berries. Appearance of the foliage of vigorous plants was somewhat like 
that of the octoploids. 

TABLE 6 


Diameters of 100 pollen grains in random samples of varieties and selections 
differing in chromosome number. 





Diameters in microns and number of pollen grains 
Varieties and Chromosome in each size class 
selections number 





20 22.5 25 27.5 30 32.5 35 37.5 40 





F. vesca2x 14 91 9 sees otek osu pam ‘i née 
F. vesca 4x 28 1l 9 47 28 S eons o aeee 
3502 42 8 7 27 31 22 3 1 1 cove 
3504=+2-1 49 3 27 42 9 ll 4 2 2 see 
Fairpeake 56 dks alee 28 57 15 hess i igi 
Blakemore 56 sie sii 45 35 22 we me ae Pore 
3266-1-1 70 ane ies cine 9 47 28 13 sens 3 
3266-1-2 70 7 21 57 4 2 1 5 1 2 
3267-1-1 70 vite 2 9 18 34 1l 23 2 1 

3 1 


3502-1-1 70 nn eee ee 
3504-2~4 70 as FS i YR 
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The heptaploid plants had foliage very similar in appearance to that of the 
cultivated strawberry and much the same growth habit. Most of the plants 
produced little or no fruit. However, the selection 3504-2-1 was partially 
fertile and yielded many fruits when cross pollinated, but was self-unfruitful. 
Its fruit was somewhat more elongate than that of most cultivated varieties 
and was aromatic, but not so highly aromatic as some of the decaploids. 

The appearance of the enneaploid plants in general was similar to that of 
the heptaploids. Like the heptaploids most of the enneaploids were sterile or 
only slightly fertile. 

The decaploid plants were indistinguishable in foliage and growth habit 
from cultivated varieties. The seedlings differed in fertility from sterile to 
fully fertile plants. Although the fruit tended to be spongy on most of them, 
the 3504-2—4 had firm fruit comparable to firm-fruited cultivated kinds, and 
all of the selections had high aroma since this was one of the characters for 
which they were selected. Their fruit was much larger than that of the diploid 
or the tetraploid Fragaria vesca, but usually not as large as the large-fruited 
cultivated varieties. 

DISCUSSION 

Since previous attempts (DoGApkKINA 1941; Feporoyva 1934, 1946a; Icat- 
yjima 1926, 1930; LILIENFELD 1934; MANGELSDOoRF and East 1927; NILs- 
son and JoHANsSON 1944; ScHIEMANN 1943; and YARNELL 193la) to 
incorporate diploid Fragaria vesca with the cultivated strawberry failed be- 
cause of complete sterility of the pentaploid hybrids, the production of slightly 
fertile hexaploids from autotetraploid F. vesca crossed with cultivated straw- 
berry is of particular importance. The tetraploid F. vesca is partially fertile 
despite extensive multivalency during meiosis, a condition which FEDOROVA 
(1946b) believed caused complete sterility of the tetraploids that she ob- 
tained from F. vescax F. moschata. Even though unequal distribution of 
chromosomes occurred during meiosis of the tetraploid, the seedlings that 
were examined of the cross tetraploid x octoploid were all hexaploid. Conse- 
quently, it appears that when there is an unbalanced chromosome condition, 
gametes with aneuploid chromosome numbers are non-functional or inviable, 
or else seeds do not develop fully or fail to germinate. Supporting evidence for 
such an interpretation is found in crosses of the octoploid x hexaploid, or the 
reciprocal, which produced either heptaploid or decaploid seedlings. Pollen 
from the hexaploid plants was variable in size, which would indicate gametes 
with different chromosome numbers, and it would be expected that seedlings 
of many different chromosome numbers would occur in the progeny, but 
such was not the case. This agrees with the results obtained by FEDoROVA 
(1946b) in which a partially fertile heptaploid plant when selfed yielded 
seedlings of an euploid series, but apparently no aneuploids. 

The meiotic irregularity of the hexaploids has, no doubt, been an important 
factor in causing low fertility in these plants. At the same time these irregu- 
larities are associated with the production of numerous unreduced gametes 
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which have given rise directly to new fertile types of strawberries. That this 
non-reduction happens frequently is shown by the occurrence of 6 decaploids 
in a total progeny of only 60 hybrids from crosses of hexaploid x octoploid 
or the reciprocal. It seems significant that in the first plants selected for 
horticultural characters in similar. progenies, and without a knowledge of 
their chromosome constitution, 6 of the 7 plants saved were decaploids origi- 
nated from crosses of hexaploid by octoploid varieties. When crosses between 
species with different chromosome numbers give hybrids of only slight fer- 
tility, it would seem desirable to search for unreduced gametes in the material 
and attempt to utilize them to obtain fertile types. 

The fact that many of the decaploids: were relatively fertile suggests that 
their meiotic behavior was similar to amphidiploids, and observation of 
meiosis seemed to indicate that such was the case. The decaploid plants were 
composed of 14 chromosomes from Fragaria vesca plus 56 from the cultivated 
octoploid, and it seems quite possible that these would behave as amphidip- 
loids, especially since the cultivated octoploids apparently behave as diploids 
by formation of bivalents at meiosis. However, genetic differences in the 
chromosome complements of the decaploids play a part in their fertility, as 
is indicated by the sterility or only partially fertility of some decaploid 
seedlings. 

Because of the relatively large number of fertile plants in the decaploid 
class, practical breeding for high aroma probably should be conducted on 
the decaploid level. In order to have a broad foundation for such work, the 
tetraploid Fragaria vesca should be crossed with a number of cultivated 
varieties and a series of hexaploids selected. These in turn should be crossed 
with a number of cultivated varieties to obtain a series of decaploids with 
different characters which would then be used as parents in crosses of dec- 
aploid x decaploid. 

Further crosses between the various polyploids should produce new types 
that will be of interest from the plant breeding viewpoint as well as being of 
interest cytologically. 


SUMMARY 


Cytological studies conducted on a colchicine-induced autotetraploid Fra- 
garia vesca and on strawberry material derived from crosses of the autotetra- 
ploid F. vesca and cultivated strawberry gave the following results: 

1. The autotetraploid F. vesca had multivalents, bivalents, and univalents 
present at meiosis, but the plants were partially fertile. When used in crosses 
with the cultivated strawberry, hexaploid seedlings were obtained some of 
which were slightly fertile. 

2. The hybrid hexaploid plants were very irregular in meiosis and func- 
tional unreduced gametes occurred frequently. Such irregularities have been 
of direct benefit in obtaining new fertile types. 

3. The hexaploid plants when crossed with the cultivated octoploids gave 
seedlings with chromosome numbers of 49, 70, and 77. The 70-chromosome 
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plants originated from unreduced gametes of hexaploid uniting with normal 
gametes of the cultivated strawberry. The one 77-chromosome plant origi- 
nated from an unreduced gamete with 56 chromosomes of the cultivated 
variety and 21 from a reduced gamete of the hexaploid. 


4. The 70-chromosome plants (decaploids) are new types which are rela- 
tively fertile and some have the high aroma characteristic of F. vesca. These 
plants have 14 chromosomes from F. vesca and 56 from the cultivated straw- 
berry. 


5. Crosses of decaploid plants with octoploids gave seedlings that were 
enneaploids and the plants were infertile. 


6. Crosses of decaploid x decaploid plants yielded decaploid seedlings that 
were relatively fertile. 


7. It is suggested that breeding for improved types with high aroma be 
done at the decaploid level. 
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PLATE 1 


Chromosomes in cells of root tips of Fragaria plants 


Ficu 
Ficu 
Ficu 
Ficu 
Ficu 
Ficu 
Ficu 
Ficu 
Ficu 


RE 1.—Diploid F. vesca. 2n = 14. 

RE 2.—Tetraploid F. vesca. 2n = 28. 
RE 3.—Pentaploid seedling. 2n = 35. 
RE 4.—Hexaploid seedling. 2n = 42. 
RE 5.—Heptaploid seedling. 2n = 49, 
RE 6.—Octoploid seedling. 2n = 56. 

RE 7.—Enneaploid seedling. 2n = 63. 
RE 8.—Decaploid seedling. 2n = 70. 
RE 9.—Eleven-ploid seedling. 2n = 77. 


All figures « 2400. 
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PLATE 2 
Meiosis in polyploid Fragaria plants 


Ficure 10.—F. vesca 4x. Metaphase I with 3 quadrivalents and 8 bivalents. 

Ficure 11.—F. vesca 4x. Metaphase I, irregular and regular in different cells of same 
anther. 

Ficure 12.—F. vesca 4x. Anaphase I, regular. 

Ficure 13.—F. vesca 4x. Metaphase II with 16 chromosomes in one group and 12 in 
the other. 

Ficure 14.—F. vesca 4x. Metaphase II, regular; and anaphase II with 1 chromosome 
lagging. 

Figure 15.—F. vesca 4x. Late anaphase II, irregular with failure of chromosomes to 
group at the poles. 

Ficure 16.—Hybrid hexaploid. Metaphase I with 3 quadrivalents, 13 bivalents, and 4 
univalents. 

Ficure 17.—Hybrid hexaploid. Metaphase I with lagging chromosomes. 

Ficure 18.—Hybrid hexaploid. Anaphase I with lagging chromosomes in 2 microsporocytes. 

Ficure 19.—Hybrid hexaploid. Metaphase.II with 18 chromosomes in one group and 24 
in the other; anaphase II with lagging chromosomes. 

Ficure 20.—Hybrid hexaploid. Regular anaphase II. 

Ficure 21.—Hybrid hexaploid. Monad, dyad, and regular tetrads. 


Figures 10 to 20, x 2400. Figure 21, & 1350. 
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PLATE 2—Continued 


Ficure 22.—Hybrid hexaploid. Small microspore at tetrad stage, a monad, a degenerating 
tetrad, and a regular tetrad. 

Figure 23—Hybrid hexaploid. Smear preparation of tetrad stage with 3 large micro- 
spores and 2 small microspores. 

Ficure 24.—Hybrid hexaploid. Cell with nucleoli spaced as in tetrads but no cytokinesis. 

Figure 25.—Hybrid hexaploid. Regular tetrad formation. 

Figure 26.—Heptaploid selection 3504-2-1. Metaphase I with 3 trivalents, 12 bivalents, 
and 16 univalents. 

Ficure 27.—Decaploid selection 3266-1—2. Metaphase I, irregular. 

Figure 28.—Decaploid selection 3504-2-4. Metaphase I, regular with 35 bivalents. 

Ficure 29.—Decaploid selection 3502-1-1. Regular orientation of chromosomes at meta- 
phase I. 

Figure 30.—Decaploid selection 3504-2-4. Dyad, tetrad, and two monads—one with 
chromosomes at metaphase. 

Ficure 31—Decaploid selection 3504-2-4. Monad with most of chromosomes at meta- 
phase, but a small clump of chromosomes on left side of cell. 

Figure 32.—Decaploid selection 3504-2-4. Dyad and regular tetrads. 

Ficure 33—Decaploid selection 3266-1-2. Small microspore at tetrad state. 


Figures 22 to 25 and 30 to 33, & 2400. Figures 25 to 29, & 1350. 
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HE process of crossing over in Drosophila melanogaster gonads has 

been shown to be affected by several external and internal variables. 
These include X-rays (MAvor 1923), temperature extremes (PLoucH 1917, 
1921; Stern 1926), nitrogen mustard (WHITTINGHILL 1948b), age of 
female (Brinces 1915, 1927), physiological aging (BERGNER 1928), larval 
nutrition (NEEL 1941), triploidy (REpFIELD 1930, 1932), and the presence 
of inversions in chromosomes of some other pair in the nucleus (SCHULTZ 
and REDFIELD 1933; STEINBERG 1936; STEINBERG and FRASER 1944). An in- 
creased recombination value, which is greatest near the spindle attachment, 
is the chief effect already demonstrated except for the two forms of aging. 
The data from one of these, limited larval nutrition, is similar if relative 
rather than absolute changes are compared. Sometimes this proximal increase 
has been accompanied by decreases of lesser magnitude in the most distal 
regions of the chromosomes. In the present gamma-ray experiments both 
changes in recombination values have been found, together with some regular 
and predictable changes in the coincidence values which furnish new evidence 
as to where the irradiation effect was first produced. 

The experiments were planned with the realization that any recombination 
value obtained might properly be attributed to one or more of three sources, 
although customarily it has been assumed that each recombination offspring 
is the product of one meiotic crossing over. The three possibilities under con- 
sideration are represented in figure 1, in which several generations of odgonia 
are shown multiplying to produce numerous primary odcytes, whence come 
the observable data. For example, an experiment would show the same re- 
combination value whether crossing over occurred five times in the cells 
marked A, or five times in the cells marked B, or merely once in the cell 
marked C. (1) Crossing over in cells A would represent truly random 
meiotic crossing over, the kind usually inferred from experimental data. The 
standard errors of crossover ratios are valid only in so far as each crossover 
fly is thus independently formed. (2) Crossing over in cells B would be 


1 Work performed under Contract: Number W-7405-Eng-26 for the Atomic ENERGY 
ComMMISSION. 

2 Present address: Department of Zoology, University of North Carolina, Chapel 
Hill, North Carolina. 

* Part of the cost of the accompanying tables is paid by the GALTON and MENDEL 
MEMORIAL FUND. 
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meiotic but not random because of conditioning by some local influence in 
their part of the ovary or by their close kinship as descendants from cell C. 
In these related B cells crossing over might occur in the same short region 
of a long chromosome pair because one point in that region has been weak- 
ened or sensitized in a common ancestral cell. Such events may be named 
cases of conditioned meiotic crossing over. One such crossover would not be 
independent of the others in the same cluster. (3) Another possibility is to 
have both the weakening and the crossing over taking place in the same cell, 
C. After the products of the crossing over are multiplied in odgonia and 
handed on to the odcytes and thence to several offspring similar or identical 
crossovers would be found nonrandomly. 

The odgonial possibility, C, in females is paralleled by the knowledge of 
spermatogonial crossing over in males treated with certain inducing agents 
(WHITTINGHILL 1947a, 1948a). Although PARKER (1948), in a dosage 
study, has tried to explain crossovers from X-rayed males in the manner of 
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Ficure 1.—Three ways of obtaining a given recombination value by different amounts 
and kinds of crossing over: A = Random meiotic ; B = Conditioned meiotic ; C == O5gonial. 


OOGONIA 


B without accepting the.idea of spermatogonial crossing over, CooPER (1949) 
is of the opinion that crossing over in Drosophila males takes place in gonial 
rather than in meiotic cells. A similar origin for the induced crossovers of 
irradiated females is indicated in the present experiments. 

It is of interest that the agents which act to increase crossover frequencies 
are also mutagenic. Either effect may be demonstrated following treatment 
with X-rays, gamma rays, high or low temperatures, or nitrogen mustard. 
Recently a closer relation between mutation and crossing over has been shown 
in experiments by Misro (1949). He has found a significant threefold in- 
crease in lethals in chromosomes extracted from heterozygous females as 
compared with lethals arising from sources where crossing over was either 
absent or ineffective, i.e., from heterozygous males of the same genotype or 
from isogenic females of the two parent types. These “synthetic lethals ” 
arising from recombination situations were located on the second chromo- 
some by Wican (1949) and found to be distributed along the same regions 
of the chromosome usually producing crossovers. They seemed to avoid the 
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cytologically: long spindle attachment region, which is genetically short, 
whereas the point mutations arising rarely in Mrsro’s controls showed.a dif- 
ferent distribution which was proportionate to cytological, not crossover 
length. In view of this demonstration of correlation between crossing over and 
certain mutations, the discovery of any further agents which will both induce 
mutations and increase crossing over seems particularly desirable. 

Gamma radiation was chosen because of recent studies made at the OAK 
RipcGE NATIONAL LaBoraTory by LEFEVRE (1948a,b) on the effects of 
gamma irradiation and neutron exposures both upon gene mutation and upon 
somatic crossing over. He obtained increases in somatic mutations at the 
white locus and at other loci, and in separate experiments he found white 
spots in eye tissue produced by crossing over in somatic cells. PLouGH 
(1924) also reported a slight increase in crossover values after exposure to 
mixed beta and gamma rays from radium bromide. The present experiments 
demonstrate that the reproductive tissues of both males and females may 
respond to treatment from a pure gamma-ray source. Furthermore they 
contribute some evidence toward distinguishing between conditioned meiotic 
and odgonial crossing over as the processes responsible for the change. 


MATERIALS AND METHODS 


Exposures to gamma rays were made by placing newly emerged adults in 
small, perforated gelatin medicine capsules which in turn were placed in a 
polystyrene dummy of an ionization thimble chamber of 1.8 ml volume. The 
capsules were carefully located in this chamber to minimize variation in the 
distance of the flies from the unfiltered gamma source, 20 to 50 cm away. 
Control flies were similarly placed in gelatin capsules confined to another 
dummy thimble chamber of the same size and hung from the wall of the 
gamma room at the same height as the specimens being treated. Ionization 
at this control spot was only 12 mr/hour. Both treated and control flies were 
maintained .in temperatures of 25-27°C for the duration of the treatment. 
Irradiation intensity was determined before exposure by use of a Victoreen 
dosimeter, which had been checked by a thimble chamber developed in the 
Biology Division, OAK RipGE NATIONAL LABORATORY (SHEPPARD and Dar- 
DEN, unpublished). The first.experiment employed total doses of 2000 r and 
4000 r from the tantalum source, and later experiments used only 4000-r 
doses from the Co® slug. At each disintegration of Co® two gamma rays 
are given off with energies of 1.10 and 1.30 mev. The higher total was ad- 
ministered continuously throughout 3, 8 or 20 hours in the several experi- 
ments as specified. The testcross matings both for the treated and control 
flies were begun immediately after cessation of irradiation of adults in the 
main experiments. However, the last experiments included a few flies, treated 
as larvae or pupae, which were not mated until emergence several days later. 

The chief experiments were made with stocks derived from rucuca, which 
contains eight genes distributed along all the length of the third chromosome 
as described in Bripces and BREHME (1944). P matings were made between 
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stocks of curled, and of roughoid hairy thread scarlet stripe sooty claret 
flies derived from crosses made a year previously between rucuca and “ all ”’/ 
Curly purple stocks. In this manner better balance between complementary 
noncrossover classes was obtained, since curled was by far the least viable 
of any of the recessive genes recovered in the earlier testcrosses of rucuca/ 
wild heterozygotes. Testcrosses were made to rucuca males as single-pair 
matings at first, but a high incidence of male sterility prompted the addition 
of six or more rucuca males for each female in the subsequent experiment. 
Single-pair matings had been preferred at the start to aid the recognition and 
elimination of data showing contamination by black, which had been present 
in the stocks earlier. One stock witha gene frequency for black of around 1 
percent provided the many rucuca males for the second and largest experi- 
ment. Black did not appreciably confuse the classification of the sooty locus, 
or there would have been too many “ double crossovers ” of phenotype e* re- 
corded. In fact the numbers of the complementary 6-7 doubles and multiples 
were essentially equal, 20 sr+ca and 25+e*+ (see table 3). Furthermore, 
simultaneous crossovers for region 6 and 7 were distributed rather uniformly 
among the various families, whereas any black contaminants would have 
shown clustering in a few families. Young flies could be classified with cer- 
tainty as sooty and not black because of the lack of the conspicuous darkening 
which appears early on the legs of homozygous black flies. 

Later tests with gamma irradiation were made upon females from a second 
chromosome balanced stock of Star Curly Pufdi Lobe* in the form S L4/ 
Cy Pfd synthesized by the writer two years earlier. Also males from a 
M(3)y GI/Sb bx” stock were irradiated and mated to M(3)y bx?/GI Sb or 
to alternated females from stocks synthesized six months earlier for use in 
crossover-selector matings (WHITTINGHILL 1950b). 

Culture methods employed the usual cornmeal-molasses-agar medium en- 
riched with dried yeast and protected against certain molds by Tegosept-M. 
Heterozygous females were mated in individual half-pint culture bottles, and 
they were transferred to fresh bottles with additional males every four days 
until death. All but 53 offspring came from females less than 24 days old. 
Treated male heterozygotes were mated in culture vials to four or more 
females and transferred about once a week to obtain from two to four cul- 
tures from each male. Records were kept for each family separately, those for 
females on the convenient form described by the writer in DIS 21: 91-93 
(WHITTINGHILL 1947b). Classification of each culture ended on the 17th 
day to avoid the intermixture of generations. Pair matings were made in the 
P generation of the first two experiments. F, females for treatment came 
from the same pairs as did the heterozyggtes used as controls in the rucuca 
testcrosses. F, and testcross cultures were raised in an incubator adjusted to 
25°C and continuously monitored by a recording thermometer which showed 
no variation greater than +1°C. The incubator was kept in a cold room, and 
on this account there was very little trouble with water condensation inside 
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the cultures, which might otherwise have caused the partial loss of certain 
classes of offspring. 


I. RESULTS FROM ORDINARY TESTCROSSES TO RUCUCA 


The first and smaller experiment showed that pure gamma irradiation 
would increase recombination values and that the amount depended on total 
dose. The crossover values following treatments of 2000 r and of 4000 r, 
during one-and-one-half and three-hour periods respectively (22.2 r/m), are 
shown compared to their controls in table 1. The sum of the data for seven 
regions of the chromosome showed a slight increase in total detected cross- 
overs in the 2000-r series and a larger, significant increase over controls in 
the 4000-r series. This difference showed also in region 4 in spite of a high 
control value of 6.67, which was due almost entirely to a particular family 
which had 15.8 + 2.6 percent crossovers in one of its three fertile cultures. 
This family came from an ostensibly untreated female. However, she might 


TABLE 1 


Recombination percentages in seven regions of the third chromosome of Dro- 
sophila melanogaster after exposure of adult females to different amounts of gamma 
radiation at the rate of 22.2 r/m. All cultures included. 











Treatment: None 2000 r 4000 r 

Regions 
1 ru-b 13.16 + 0.99 13.65 + 0.86 15.06 + 0.84 
2 beth 16.54 + 1.09 17.91 + 0.96 18.86 + 0.92 
3 thst 0.26 +0.15 0.44 +0.17 0.38 0.14 
4 st-cu 6.67 + 0.73 7.39 + 0.65 11.32 20.75 
5 cu-sr 5.54 + 0.67 4.95 + 0.54 6.76 + 0.59 
6 sre® 6.75 £0.74 7.51 + 0.66 5.48 + 0.53 
7 eS-ca 28.14 41,32 27.24 1.11 25.45 1.02 

All seven 77.06 + 2.34 79.09 + 2.02 83.31 £1.95 





* A high value; see text. 


have responded to the heat of the small microscope spotlight which raised the 
local temperature on the center of the microscope stage to 31°C, or this might 
be an extreme example ofthe spontaneous behavior which has given rise to 
the statement that this region is the most variable part of the most variable 
chromosome of D. melanogaster. Because of this irregularity in the first ex- 
periment, which was generally handicapped by the sterility of many of the 
rucuca males used in pair matings, very little further reference will be made 
to these results except for one comparison with the larger experiment which 
followed. 

The intensity difference in irradiation between the two experiments was of 
small consequence (table 2). A 4000-r dose in eight hours affected recom- 
bination about the same as 4000 r in three hours. Only in region 6 was the 
difference between the two rates significant. This over-all equivalence after 
treatment at the two rates indicates in a very tentative way that recombina- 
tion values may be increased by single-hit action. 
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The larger rucuca experiment is of chief interest because of the regionally 
different effects of the gamma irradiation along the full length of the chromo- 
some. These give substantial clues as to which cells the irradiation may have 
directly affected. The total data from the major experiment are presented in 
table 3 and summarized in figure 2. After treatment the wild type F, females 
produced higher percentages of crossover offspring in all subterminal regions 


TABLE 3 


Numbers and types of testcross offspring of the second rucuca experiment. 




















Cinananne Control 4000 r Yrays Weniatmiee Control 4000 r Yrays 
ee ru -Non-ru ru Non-ru | *©8*098 ru Non-ru—— ru Non-ru 
0 980 1032 1853 2046 1-2-4 1 0 3 2 
1 231 225 456 357 1-2-5 0 1 1 2 
2 206 277 467 553 1-2-6 1 0 1 2 
3 8 3 15 16 1-2-7 1 1 4 4 
4 37 76 201 301 1-3-7 0 0 1 0 
5 69 87 171 202 1-4-5 0 0 4 1 
6 91 118 205 219 1-4-6 1 0 3 5 
7 430 472 827 856 1-4-7 3 0 15 8 
1-2 5 7 10 10 1-5-6 0 0 0 1 
1-3 0 1 1 1 1-5-7 2 2 8 10 
1-4 8 8 35 32 1-6-7 0 0 1 5 
1-5 23 17 42 31 2-3-4 0 0 1 0 
1-6 24 18 37 36 2-4-5 3 1 8 3 
1-7 110 94 _139 156 2-4-6 0 1 7 z 
2=3 0 0 0 1 2-4-7 3 2 8 18 
2-4 8 10 52 46 2-5-7 4 1 8 10 
2-5 19 20 46 60 2-6-7 1 0 F 3 
2-6 20 19 55 59 3-4-6 0 0 1 0 
2-7 99 122 196 214 3-4-7 0 0 0 1 
3-4 0 0 1 3 3-5-7 0 0 2 0 
3-5 2 2 1 2 4-5-6 0 0 2 2 
3-6 0 0 0 1 4-5-7 0 0 2 10 
3-7 0 5 7 3 4-6-7 0 0 2 4 
4-5 4 2 21 33 5-6-7 0 1 0 0 
4-6 8 4 9 28 1-2-5-7 0 0 2 1 
4-7 18 16 64 108 1-4-5-7 1 0 1 2 
5-6 0 0 1 1 1-5-6-7 0 0 0 1 
s-7 12 12 31 36 2-4-5-6 0 0 0 1 
6-7 3 2 8 12 2-4-5-7 0 0 0 1 

2-4-6-7 0 0 1 0 
Totals 2436 2662 5039 5523 
Grand totals 5098 10,562 





and lower values near the ends of the third chromosome. Figure 2 shows in 
ratio form the differences in recombination frequencies in all cultures com- 
bined. Thus, in the scarlet-curled, st-cu, region of the treated series, recom- 
bination values were about two and one-third times greater than those of 
controls. The standard error of that difference, shown by the vertical width 
of each of the two black bands, was small in proportion to the change from 
the control value (1x), represented by the horizontal broken line. In the 
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curled-stripe, cu-sr, region a smaller and still significant increase was found. 
Beyond this the recombinations found for the stripe-sooty region were also 
increased in the treated series, but this difference, if taken by itself without 
reference to the rest of the curve, was not statistically significant. This con- 
clusion is represented by the central white line being less than twice the width 
of one black band away from the horizontal broken line. The long distal 
region fell below the control recombination value by an amount which is not 
statistically significant in itself but which, when taken with the rest of the 
data, does show a regular trend downward from the spindle attachment re- 
gion. In regions to the left side of the spindle attachment region a similar 
trend is evident from the figure. Here also the recombination percentages 
grade down from the scarlet-curled region to subnormal in the farthermost 
region, roughoid-hairy. The differences from controls terminally and in the 
next region are statistically significant by themselves. The difference for the 
short region 3, thread-scarlet, might be considered a sampling error except 


2+— 


2x— 














ru 


Ficure 2.—Departure of recombination values from control values, line lx, after treat- 
ment of adult Drosophila melanogaster females with 4000 r gamma rays at 8.33 r/m. All 
cultures. 


that it fits into the curve for the other six regions so well. In view of the 
greater differences shown at the central part of this chromosome the data for 
the fourth region will later be singled out to serve as sensitive indicators of 
change. In other cases the comparisons will be given, region by region, so 
that both increases and decreases will be clear, apart from the more con- 
servative change in total map length. 

Total data from a breeding period of 20 days have been given in the pres- 
entation of results so far, although this has meant that the peak of departure 
due to treatment has been diluted by data from some cultures started too 
early to show the induced changes, and from other cultures continued after 
the effects of irradiation were wearing off. This may be seen in table 4, the 
totals of which have already been presented in ratio form as figure 2. The 
manner in which the over-all differences were accumulated may now be con- 
sidered. All minor differences are represented by blanks. There remain in 
the table only pairs of values which show differences significant by them- 
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selves at the five-percent level, or which are totals. It seems inappropriate 
and confusing to report lesser differences, since the standard errors of the 
ratios, computed by the formula S.E.=.\/p(1-p)/n, are probably too small 
for the actual situation. The formula is applicable only if all crossovers are 
meiotic and independent. Because such is the usual assumption, the standard 
errors have been included, although evidence to follow indicates that some of 
the induced crossovers were not independently determined. No differences 
were found in the earliest cultures (top line blank). Not until the fifth day or 
later did the changes begin to appear in the data from the irradiated females. 
These were increases at and near the spindle attachment region and sig- 
nificant decreases in both distal regions, 1 and 7. The changes were similar 
to but more accentuated than those showing in the totals. Only in regjon 6 
was a Statistically significant difference not found in the offspring from eggs 
laid four to eight days after irradiation, but a definite increase for this region 
did appear in the brood from eggs laid in the following four-day period. Sig- 
nificant increases in the combined treated families persisted longest in region 
4, i.e., through cultures 2, 3 and 4. In a few families recombination values 
remained high also throughout cultures 5 and 6. Table 4 further shows total 
detected map distances by the addition of values for each of the 7 regions. 
In spite of the distal decreases in crossover percentages the total map length 
showed a net increase of between 7.93 and 11.96 units in all second, third 
and fourth cultures. This increase in combined regions becomes diluted to 
6.16 + 1.35 when the data from all cultures, 1 through 6, are used. 

The question of a possible influence of the time of day upon induced cross- 
ing over was investigated. Data from the second through the fourth cultures 
from groups of females irradiated during different thirds of the day were 
then compared as shown in table 5. Recombination percentages and their 
standard errors for each period of treatment are given. No differences in re- 
combination percentages associated with different treatments were found 
even in data from these most favorable cultures. The control data for the 
same period of egg laying are included in the table. In these subcultures, as 
in the gross data, the treated material again showed an over-all increase in 
map length in spite of having reduced recombination in the two most distal 
regions; and the relative increases in all other regions were consecutively 
larger up to a peak in the spindle attachment region. 

The data as considered so far show that the same end results follow 
gamma irradiation as those already known for X-rays, high temperatures and 
several inversions of other chromosomes of the nucleus. We may now ex- 
amine the data for indications of the means by which recombination values 
have been changed. 

Uniformity was lacking in the response of the females to irradiation, and 
this observation is similar to those of others on individual variability of ir- 
radiated males. In table 6 recombination percentages for each individual 
female are presented to show the range of the variability and to mark all cases 
of overlapping between treated families and controls. The four groups of 
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families shown there are the controls and the three groups irradiated at dif- 
ferent times of the day as described immediately above. Within each group 
the families have been arranged according to the detected recombination per- 
centages for region 4 as measured in culture 3, generally the most responsive 
region and culture. Each asterisk in the treated groups denotes a value which 
fell below that of the highest control female. The sums of the recombination 
values for all regions in the same age of cultures and the map totals from 


TABLE 6 


Recombination values in chromosome III of Drosophila melanogaster in separate 
families after eight-hour exposure of mother to 4000 r gamma radiation. 











E 8-12 days after eclosion and treatment 0-24 days 
xposure 

period Spindle attachment region All regions All regions 
family ieee family “ family _ total 

values in values — values offspring 

24 2 12 80.6 + 5.9 78.93 (900) 

237 2-2 730% 5S. 78.44 (1068) 

None 31216 38206 68624 5.0 72.3224 7544 (916) 

3.9% 14 713% 5.6 tash3 (792) 

6.5 + 1.6 69.6 + 4.9 71.73 (934) 

ta i5 88.2 + 5.9 87.31 (654) 

‘ 11.1 = 2.2 81.3 + 5.8 78.81* (354) 

8:26 A.M.- 11.6 + 3.4 84.9 + 8.9 90.04 (241) 

4:27 P.M, 12.6% 3.1 24:2 *12 6724 6.9e 83-4 *3-1 79193% (336) 

15.8 t 3.4 94.7 + 8.1 85.68 (468) 

18.2 +11.5 118.2 + 28.5 89.23 (65) 

4.5 2 1.7° 84.5 + 6.5 71.82* (472) 

$7 = Te 81:6. + 5.5 82.77 (499) 

4:29 P.M.~ 622% *8* 91.6 + 6.4 77.02* (705) 

12:28 AM. 7.7 £-1.8 10.5 £0.85 81.9 + 5.5 87.5 £2.34 81.78 (741) 

~ Cot 25 83.6 + 6.0 86.74 (860) 

18.1 + 2.7 85.4 + 6.0 86.62 (553) 

25.3 + 3.6 111.0 t 7.8 101.23 (407) 

48+ 3.3* 54.8 +10.7* 72.66* (428) 

76 2. 2.0 73.3 = $.9* 80.58 (515) 

12:30 A.M.- 12.3 + 2.1 74.6 + 5.0* ‘ 77.65* (510) 

8:30 A.M. 13.04 2.3 127-9 4999 go64 51g S11 4242 9951 (757) 

147% 24 85.3 + 5.7 87.23 (603) 

16.5.2 2.3 91.8 + 5.3 89.62 (472) 


(14,241) 





* Value overlaps that of one or more control families in this respect. 


entire families are given in successive columns with the overlaps again marked 
by asterisks. In only one family, the first in the bottom group, did all the 
three listed recombination values overlap the controls. Those other treated 
females which did not respond to gamma irradiation in the usually sensitive 
spindle attachment region did respond elsewhere enough to increase the total 
detected map length above that of the controls. From the scattering of high 
values in this table we may suppose that some females showed more response 
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to itradiation than did others. This could have come about by greatly in- 
creased occurrence of meiotic crossing over in certain females or, as is the 
case in males, by a small frequency of gonial exchange followed by variable 
multiplication of gonial cells containing the crossovers. 

If such odgonial crossing over did occur, one would predict increased coin- 
cidence of double crossovers. Multiple exchange chromosomes might be 
formed in two stages, by crossing over in one region in an odgonial cell and 
by a later crossing over in another region of the same chromosome after it 
has reached the primary oocyte. It is difficult to see how there could be any 
mechanical interference in this kind of double crossover formation, so coin- 
cidence might be expected to rise. It has further been predicted (WHITTING- 
HILL 1950a) that coincidence should rise more readily nearer the spindle 
attachment than farther from it because of the chance that the mitotic crossing 
over may produce daughter cells partially homozygous distal to the exchange. 
Because it was not possible to tell in a given triple or quadruple crossover 
which region might have undergone crossing over in advance of meiosis, the 
gross coincidences, as defined by Bripces (1927) instead of the partial 
coincidences used by MULLER (1925), were calculated for each region using 
the control totals and the treated totals. The results for all 30 families have 
been given in table 7. Coincidence values in all regions were closer to 1.0, 


TABLE 7 


Gross coincidences from treated and from control rucuca heterozygotes of 
Drosophila melanogaster, 1-24 days of breeding. 














Regions 1 2 3 4 5 6 7 
6 control 723 747 -633 780 734 -496 .788 
24 Y-rayed .726 782 705 .878 -841 -633 .807 
Increase .003 -035 .072: .098 .107 137 .019 
_tiacrease_ .009 .136 .196 447 399 .272 .092 
1.0-control 


increase * 


aemeathiabatapiaiti ~.240 113 obs -650 0 -304 -100 
1.0-control 





*From recalculation within 52 subcultures. See text. 


the maximum, in the gamma-ray treated families (line 2) than in the con- 
trols. The absolute differences (line 3) did not of themselves follow the pre- 
dictions cited above, for, although they were small in regions 1 and 7 and 
successively larger in regions 2 through 5, they were largest in region 6, 
far to one side of the spindle attachment. Since coincidence in region 6 was 
farthest below 1.0 in the controls, it was realized that a numerically greater 
increase was possible there than elsewhere. A further ‘calculation was then 
made to give proper weight to control starting points. When the absolute in- 
creases were divided by the possible increases (the differences between’ 1.0 
and each value on the top line of table 7) proportional increases were obtained. 
The greatest proportional increase in coincidence was then found to be in 
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region 4 double crossovers, and the other proportional increases were suc- 
cessively less in the three regions farther out from the spindle attachmént in 
each chromosome arm, shown on the next to the last line of table 7. However, 
this needs review. 

Dr. Sturtevant has pointed out (private communication) that the lumping 
of data in which crossover values are variable may lead to spurious increases 
in coincidence. (See also WEINSTEIN 1918). Because the changes in coinci- 
dence values paralleled the changes in recombination shown in figure 2, it 
appeared likely that the greater variability of crossover values in the spindle 
region might be the chief cause for the greatest coincidence “ improvement ” 
in that same region. However, it was then found that-variable data can give 
spurious decreases as well as increases in computed coincidences, depending 
on whether the crossover values changed in opposite directions or varied con- 
cordantly. Both effects could be operative in the data, i.e., region 4-5 doubles 
might show an inflated coincidence whenever crossover values in regions 4 
and 5 varied together, whereas region 4-7 doubles would be estimated to have 
too low a coincidence whenever crossover values in regions 4 and 7 tended to 
show compensatory changes. Therefore an attempt was made to reduce the 
variability by separate computations for each culture within each family. All 
controls and certain treated families were restudied (24 and 28 subcultures, 
respectively ). Calculations had already been started on seven families, namely, 
A4, A7, B1, E3, E5, E6 and E7, and these were weighted and summed. The 
reasons for the choice of these families are unfortunately now. forgotten in 
part. Three of the families are mentioned again below; all seven showed some 
kind of clustering phenomena, among double or triple crossovers, because of 
which a fuller analysis was desired. The coincidences for each region were 
summed after weighting according to the number of flies in each culture from 
each female. The new coincidence values thus obtained for all control families 
and for seven of the more fertile treated families were then compared in the 
same manner as illustrated in table 7 with the coincidences from lumped data. 
The last two lines of the table show contrasts, such as they are, between the 
magnitudes of change in coincidence obtained by the two methods of calculat- 
ing. The tendency for the coincidence values to change in the same pattern as 
did recombination values still persists to some extent, although in region 5 the 
coincidence values did not change. In the last calculations variability between 
families, which was large, could not influence values, and the variability over 
a 20-day period within a family has been greatly reduced by having been sub- 
divided into the variability within several four-day cultures. The effect of 
such remaining crossover variability has not yet been assessed. It is hoped 
that a more complete analysis of coincidence may be made in a separate paper 
after methods have been explored more fully. 

The data were also examined for clustering as opposed to randomness, 
since clustering is characteristic of radiation-induced crossovers from males. 
The rarer crossovers were chosen for analysis, because variations in early 
crossing over in one egg string of an ovary would be obscured if in several 
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other egg strings the same kinds of crossovers were readily produced at 
meidsis. All recombinations for the short region 3 (expectation .0048 + 
.00046) were examined because of the suggestion of some clustering in two 
families, but these results were found to be in accord with the hypothesis of 
random meiotic exchange. Although it may look like citing favorable cases, 
certain selected instances of unusual multiple crossovers will be described 
briefly. In one family, E6, all 12 triple crossovers involved region 4, which 
showed 14.83 percent recombinations out of 472 offspring. In another family, 
E7, region-3 crossovers occurred with a frequency of .0058, which is close to 
the over-all mean, yet all 3 crossover flies were also recombinants in region 4, 
either as a 3-4 double, or as 3-4-6 and 3-4-7 triples. An alternative explana- 
tion through gonial mutation may be ruled out because the 3-4-7 was of the 
crossover class complementary to the 3-4 in the common regions of exchange. 
This succession of 3-4 exchanges emerged one per culture in each of the first 
three cultures with 99, 230 and 172 offspring, respectively. Since one ap- 
peared by the second day, they may all be examples of spontaneous nonran- 
domness (cf. WHITTINGHILL and Hinton 1950) rather than of induced 
clumping. Another example of surprising results came in control family E2, 
where all five triple crossovers in 488 total offspring involved region 2, which 
had a recombination frequency of 17.62 percent. Within one treated family, 
A10, an unusual temporal distribution of 4-7 double crossovers was noticed 
in that most of them emerged from eggs laid 12-16 days after irradiation. 
Here recombinations before, in, and after culture 4 were distributed 2:7: 2, 
respectively, which was computed to be likely by chance only 5 percent of 
the time. 

Of greater interest in seeking to distinguish between odgonial occurrence 
of crossing over and odgonial facilitation of meiotic crossing over was the in- 
equality of complementary crossover classes from gamma-rayed female E5. 
The family summary record showed six double crossovers for regions 4 and 
6 of the same phenotype, stripe, with no complementary class. One may rule 
out mutation in this case, because the regions of exchange were not adjacent 
and because among region-6 single crossovers also there was a similar excess 
of stripe phenotypes, which could hardly be explained by the same mutation. 
The numbers of striped and nonstriped were 17 and 9, respectively, in the 
single crossover class, whereas in general the excess was in the other direc- 
tion both in the controls, 91: 118, and in all 24 families together, 286: 331. 
The chi-square for the unbalance in single crossovers is at the .05 probability 
level. Independently there is a .015 chance of getting six identical doubles 
as a derivation from a 1: 1 expectation based on controls. The joint probabil- 
ity would be .0075, hence these were hardly random events. If each crossover 
was formed at meiosis, it would be very difficult for one class to be lost to this 
extent. On the contrary hypothesis, if a single exchange in region 6 occurred 
early and if the nonstripe chromosome was relegated to a gonial cell which 
did not produce eggs, one would expect an excess of both single and double 
region-6 crossovers showing stripe. Thus these otherwise improbable double 
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crossovers could have resulted from some later gonial or meiotic crossing 
over in region 4 altering part of a cluster of stripe single crossovers derived 
from a region-6 crossing over in one odgonial cell. 

Complementary crossover classes were compared in all irradiated families, 
as well as in controls, among all the kinds of double crossovers. The method 
was the same as that used on the data of Gowen (1919) and reported in the 
abstract of WHITTINGHILL (1950c). The method is being reviewed and ex- 
tended by SxkrBiINsky in the Institute of Statistics of the UNIVERSITY OF 
NortuH Caro.ina. The calculations on double crossovers among the six con- 
trol families showed only a random distribution of complementary crossover 
classes. However, the distribution of doubles involving region 4 and any re- 
gion in the left arm of the chromosome was close to a .05 probability, and 
there was less than a .0] probability of obtaining by chance the observed dis- 
tribution of complementary classes in the 4-5, 4-6 and 4-7 classes of double 
crossovers. The single crossover classes have not been analysed in this man- 
ner. It is hoped to study them alone and jointly in relation to the above re- 
sults. The analysis of complementary classes seems to afford the best way of 
distinguishing between the odgonial influences acting through mechanisms 
B or C of figure 1. 


II. RESULTS FROM GAMMA-RAY TREATMENT OF INVERSION HETEROZYGOTES 


Females possessing the two inversions extracted from al? Cy It? L* sp? stock 
have almost no recombination within the second chromosome pair, so that 
these females approach the condition of complete linkage usually found in 
Drosophila males. Females of the genotype Jn(2R)Cy, Star Lobet/In(2L)Cy, 
Curly Pufdi were irradiated as adults with 4100 r during six hours (females 
No. 1 through No. 14) or as pupae with 4000 r in 20 hours (females No. 21 
through No. 38). Twenty-two of the 32 testcrosses to Oregon-R were fertile. 
Only eight crossovers were found among the offspring in eggs laid during 
the first five days after irradiation, but then many crossovers developed after 
eggs containing affected chromosomes were laid. The 12 females fertile five 
or more days after treatment had the unusual distribution of crossovers shown 
in table 8. Some large families had a large number of crossovers, yet another 
large family, No. 14, had very few. Conversely two small families had the 
largest percentages of crossovers. Such variability is more indicative either 
of gonially conditioned or of gonially occurring crossing over than of random 
meiotic exchange. A chi-square value of 36.680 was found for the distribution 
of crossovers in the spindle region regardless of class, indicating a probabil- 
ity below 0.1 percent that this was a chance distribution of randomly deter- 
mined crossovers. Families No. 10, No. 12 and No. 14 contributed heavily to 
chi-square. Furthermore family, No. 8 with 3.4 percent recombinants, which 
was close to the mean of the experiment, achieved this value by a 16:4 dis- 
tribution between complementary classes. A deviation this great or greater 
is likely .006 of the time assuming a 10: 10 expectation and meiotic crossing 
over either at random (A) or with conditioning (B in Fig. 1). The crossover 
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TABLE 8 
Distribution of recombination offspring among families from treated 


Star + + Lobet In(2R)Cy females in transfers started five or more days 
+ Curly In(2L)Cy Pufdi + 
after gamma irradiation of 4000 r. 

















Crossover 
Family Total phenotype Percent Contribution 
No. offspring crossovers to X* 
S Pfd Cy L 
1 16 ooo 2 12.3 4.9622 
3 3 cove ee 0 .0928 
7 14 ae cau 0 -4330 
8 596 16 4 3.4 2591 
10 554 11 13 4.3 3.3784 
11 106 cose 1 29 1.5407 
12 45 2 4 13.3 16.5120 
13 186 2 2 2.2 -4612 
14 424 1 2 7 7.6573 
29 11 im ren 0 -3402 
34 86 ome 1 i 9975 
38 27 1 nee i -0460 
Totals 2068 33 29 2.998 36.6804 = x? 
P < .001 





Females 1-14 were treated as adults; females 21-38, as young pupae. 
Females 1-5 were homozygous for the recessive light*; the others had red eyes. 


values have been rounded off to one decimal place because each one may not 
directly reflect the amount of crossing over induced by gamma irradiation but 
rather the degree of multiplication of some very small number of exchanges 
induced in odgonial cells. It is barely possible to estimate the actual number of 
crossings over in the data. Because very few families were missed, it appears 
likely that some numerically large clusters of crossovers trace back to several 
inductions of crossing over in odgonia of a given female but not to as many as 
one separate induction for each crossover. There were probably more than 
nine and much fewer than 62 occurrences of crossing over in the nine females. 
Additional experiments of this type, where low spontaneous frequencies are 
encountered, might make possible a closer estimate of the frequency of the 
event actually induced. 


III. RESULTS FROM SPECIAL MATINGS OF MALE HETEROZYGOTES 


Since recombinations from heterozygous males are normally absent in 
Drosophila, demonstration of any induced crossing over is simple. In this 
experiment a new agent was shown to be, an inducer of crossing over in males, 
and a new method for the rapid detection of recombinations (WHITTINGHILL 
1950b) was successfully used. The crossover-selector system eliminates all 
noncrossovers, usually: very numerous, and favors crossovers. Two different 
genotypes of the four-point heterozygote of Minute(3)y, Glued, Stubble, 
bithorax-Dominant were used. Treated males were of the constitution 
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My Gl++ 
++Sb bx? 
wild-type chromosome might be formed. When such males were mated to 
My+Sb+ _My++bx? 
+Gl+ bx” * + GISb+ 
fall into one of four lethal classes each homozygous for one of the dominant 
genes. Thus the unaffected males would produce no adult offspring, This kind 
of planned sterility could be distinguished from complete sterility by the pres- 
ence of small larvae in most cultures. These larvae died as early instars or as 
prepupae, unless they contained certain crossover combinations. Although the 
My Gl Sb bx” crossover chromosomes would not be recovered in offspring, 
the ++++ crossover gametes would produce adults. These would show the 
phenotypes of whichever two dominant genes were received from the egg. 
Thus, whenever a My Sb or a Gi bx” fly was recovered its survival was at- 
tributed to crossing over in a male which had been mated to My Sb/Gl bx. 
Meanwhile, because crossing over was not prevented in the females here used 
in place of a homozygous testcross stock, some 15 percent of the live offspring 
of such matings consisted .of My bx? and G/ Sb flies due to crossing over in 
the female in this central region 18 map units long. These crossover eggs still 
required crossover sperm to produce adults. Less often there survived other 
adults which were attributed to crossing over in the female in either of the 
very short flanking regions, My-G/ or Sb-bx. Normal recombination fre- 
quencies of 1.2 percent and 0.6 percent for these regions, respectively, were to 
be expected. Exchanges there would result in equal numbers of eggs carrying 
three dominants and in eggs carrying only one. The former would continue 
to be lethal, but the latter could survive only with one-half the noncrossover 
sperm and give rise to live offspring showing three of the dominants, two of 
them linked as received from the male parent. Therefore any adult showing 
three mutants was scored as coming from female crossing over in the appro- 
priate region and any showing two markers as from male crossing over. 

The great majority of the matings on the crossover-selector system gave, as 
expected, no evidence of crossing over in either sex (table 9). Twenty-one 
matings of the original 87 irradiated males were completely sterile. Of the 66 
males which produced larvae, seven were more fertile than expected. When 
these were reinspected it was found that the males had a wild-type third 
chromosome without resorting to crossing over, i.e., several My Gi/+ males 
had been misclassified in respect to Stubble bristles and bithorax?. There 
remained 59 of 66 fertile matings satisfactory for the detection of induced 
male crossing over, while all 66 were suitable for reconstructing certain as- 
pects of spontaneous female exchanges. Adults due to female crossing over 
emerged from eggs laid in any culture of the temporal sequence. Live off- 
spring from crossing over induced in adult males emerged mainly from eggs 
laid ten or more days after treatment. 

Grouping of crossover offspring in the cultures of a few males was very 
pronounced. Although the majority of the males, 45, had no crossovers at all, 


from which, by induced crossing over in the long G/-Sb region, a 





alternated stocks such as every noncrossover would 
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TABLE 9 


Total numbers of fertile matings having 0, 1, 2, or more live offspring. Single 
My Gl + +/+ + Sb bxP males irradiated with 4000 r of gamma rays were mated to 
many My + Sb +/+ Gl + bx? (or to-My + + bx?/+ G1 Sb“) females. All live off- 
Spring are crossovers in this system of mating. 





Total crossovers per single male tested 








Source of Total fertile 
crossovers 0 123 4 a" . 8 9 12 21 families 
Induced in 
males in 
region 2 =. -4° 3 2° 2 we OD toe 1 59 
Spontaneous in 
females in 
region 1 a ne SS Re aoe ek ek tne SR as 66 
region 3 a i353 3 2 ead eae sick, uae “adams meen aie 66 





* Represents one family omitted from the table which had'5 offspring classified as 
My GI Sb bx? and 20 classified as My Gl Sb +, which could represent region 1-3 
double crossovers and region 1 singles, respectively. Note also that twenty-one 
additional matings have been omitted because they produced no larvae. 


most of the remaining 14 had two or more crossovers. Furthermore, clusters 
as large as 9, 12 and 21 crossovers were obtained in the three most extreme 
families. If each of these crossovers had been induced independently by the 
gamma irradiation, such agglutination of the data would be very unlikely. It 
appears more plausible to suppose that the action of the irradiation was to 
induce just one occurrence of crossing over in each of these males. Subse- 
quent multiplication by gonial mitoses before sperm production would explain 
the clustering of the end products, the recovered offspring. Such an effect 
was not at all evident among the crossovers spontaneously formed in the 
females used in these tests. A possible cluster of five similar “ crossovers 
from females,” indicated by the asterisks in table 9, may have another ex- 
planation. The first four adults in this family were classified as My G/ Sb bx? 
offspring and were considered to be due to nonvirginity of one of the many 
females mated to the single male. On the second classification another fly of 
the same kind and some My G/ Sb were found. The latter were then assumed 
to have resulted from the inclusion of a mother who carried only Stubble in 
one of her chromosomes. Such a female could produce many My G//Sb off- 
spring, and 20 were found here. 

It may safely be said that the method was good as a labor-saving system. 
The 87 males treated and tested had a total of over 500 mates, which, if 
normally fertile, could have laid over 200,000 eggs in the experiment. For a 
more conservative estimate one may consider only the number of full-grown 
larvae which might have been raised on the amount of food in the 166 fertile 
cultures. Then about 16,000 adults could have been produced. The actual 
finding of 25 and 22 crossovers from females (excluding the one family with 
25) in regions where the expectations from the standard chromosome map 
were 0.3 percent and 0.15 percent, respectively, indicates that the total num- 
ber of eggs laid was nearer the lower estimate. About 24 percent of the fertile 
males produced crossover gametes with an over-all frequency estimated at 
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less than 1 percent..A more accurate measure of the frequency is not as im- 
portant to establish in this experiment as are the facts that gamma irradiation 
induced germinal crossing over and that the resulting distribution was an 
even greater departure from randomness than was seen from either set of 
females (tables 6 and 8) similarly treated. 


DISCUSSION 


The interpretation of these experiments will be easier if they are discussed 
in the reverse of the order in which they were performed. The situation in 
males was quite clear: the production of crossovers by treating heterozygous 
males was unmistakable although rare, and their nonrandom distribution 
among the families of the males was also clear by mere inspection of the data, 
just as it has been apparent in previous experiments of the author (1947a) 
and of FRIESEN (1936) using normal males. In those experiments some very 
unusual agglutination of the data led each author to the conclusion that the 
distributions of induced recombinations in males were due to considerable 
spermatogonial crossing over. Such early crossing over would produce greater 
variability in the percentage of crossovers among the offspring and could 
also upset the normal balance of complementary crossover classes. The ques- 
tion of possible meiotic crossing over in males was investigated and a tenta- 
tive conclusion drawn. Crossovers occurring one per region per family might 
be the only possible survivors from crossing over in meiotic tetrads, or they 
might be clusters of minimum size from gonial crossing over. The distribu- 
tion along the chromosome map of these singly found crossovers was shown 
to be homogeneous with the spermatogonial exchanges inferred from the clus- 
ters and to be inhomogeneous with the products of spontaneous meiotic cross- 
ing over (WHITTINGHILL 1948a). This suggests as an extreme hypothesis 
that irradiation may not produce any new crossing over at meiosis in the male 
sex, although superficial appearances have been interpreted otherwise. 

Experiments using the same agents to treat special females help to bridge 
the gap between induced crossing over in normal males and increased re- 
covery of crossovers from normal females. The general problem is one of re- 
ducing the welter of spontaneous crossovers in females in order to allow in- 
duced recombinations to be more conspicuous. This condition has previously 
been met in the asynaptic strain of D. melanogaster homozygous for the gene 
c3G. After X-ray treatment of suitably marked c3G females crossovers be- 
tween the sex chromosomes have been recovered which indicated odgonial 
rather than meiotic origin (WHITTINGHILL 1938). Similar conclusions 
emerge from the present experiments using a different inducing agent and a 
different genetic situation. Several days after gamma irradiation crossovers 
were found abundantly but erratically from individuals heterozygous for the 
crossover-suppressing inversions associated with the visible markers Curly 
and Lobe*. The fact that the increases were variable, being more than 10 
times normal for the stock in some families and in others so small as to have 
escaped detection against a normal meiotic background, has a parallel in the 
nonrandom response of irradiated males, and perhaps also in the erratic re- 
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sponses of the irradiated normal females. It took about the same time for the 
larger increases to appear from the inversion females as for the smaller in- 
creases from the normal females, between four and eight days after irradia- 
tion. The same period of time was found by PLoucH (1924) to elapse follow- 
ing radium treatment before the fraction of the offspring showing a slight 
increase in recombinations began to develop. A similar period elapsed, and 
generally similar results, such as variability of crossovers from female to 
female and between regions within females, were found independently in a 
related Curly Lobe* inversion heterozygous stock by Hinton (Hinton and 
WHITTINGHILL 1950) using X-rays. 

In the experiments on rucuca heterozygotes the gamma rays produced their 
maximum effects on the spindle attachment region, which is already known 
to be the region most susceptible to variation in crossover values in either 
sex. Gamma rays, X rays, and high temperatures thus act similarly on females 
and also on males in respect to the regions of change and times for appear- 
ance of changes. This may indicate that the induced change is odgonial cross- 
ing over in the female, since induced exchange is definitely spermatogonial in 
the male. Other parallels exist among the several inducing agents in that the 
alterations in female crossover frequencies in each more distal region of the 
chromosome grade down from the spindle region. Such gradations have al- 
ready been pointed out for X-ray treatment (MULLER 1925), for nitrogen 
mustard treatment (WHITTINGHILL 1948b), for the inclusion of potassium 
oxalate in the medium and concomitant delaying of development (BRowNING 
1949), for triploids (REDFIELD 1932), and for the interchromosomal effects 
of certain inversions (STEINBERG and FRASER 1944). It may now be stated 
that still another treatment of Drosophila females, partial starvation of larvae, 
alters recombinations in the same form of curve as has been obtained with 
irradiation and with nitrogen mustard treatments. NeEEL’s data (1941) 
showed very slight absolute increases in crossover values along the third 
chromosome, but, if one expresses the change in ratio form, then a maximum 
relative increase in recombination may be found in the spindle attachment 
region. Furthermore, the increases distally are found to be graded. The fol- 
lowing comparison has been computed from the recombination data assembled 
by NEEL and presented in his table 1. 


Region h-th thecu cu-sr sr-es 
Control 17.15% 2.13% 8.72% 8.92% 
Starved 18.51% 2.54% 9.98% 10.06% 
Ratio S/C 1.079 1.192 1.144 1.128 


Although the increases in recombination appear small, they actually followed 
the same pattern of change as in this and in other induction experiments. 
The distinction between conditioned meiotic and gonial crossing over can- 
not be made with certainty in this rucuca experiment, because grossly un- 
equal reciprocal classes of crossovers were noted only once. However, we can 
rely in part upon analogy. The same inducing agent produced distinctly non- 
random crossovers both in inversion females and in more normal males. 
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Hence there is considerable weight of evidence that odgonial crossing over 
may be occurring in Drosophila females but, in most instances, eluding de- 
tection as such because its products are being confused with those from the 
presumably more stable meiotic crossing over. 

Because of the suspicions about so-called normal crossing over in females 
further induction experiments might well be directed to Drosophila males, 
where there are very few complications in studying the action of various ex- 
ternal and internal environmental agents. The drawback so far appears to 
have been the labor of getting enough recombinations from males to give a 
meaningful measure of the time and place where the changes were induced. 
A stronger inducing agent would help if it could be found. Such might be 
found by the use of the special crossover-selector stocks here first employed 
or of others designed in similar manner. The prevalent belief that any large 
changes in meiotic crossing over have been produced by environmental means 
might well be reexamined in much greater detail than has been done here. 
From extra crossover offspring in an experiment one does not need to infer 
that a numerically equal increase in crossing over has been demonstrated. The 
inference of a limited amount of gonial crossing over, as illustrated in figure 
1, should also be considered. 


SUMMARY 


1. Gamma-ray treatment of 4000 r given to adult Drosophila melanogaster 
females altered crossover values in a regular pattern in rucuca heterozygotes. 
Increases were greatest, relative to controls, in the spindle attachment region 
in the middle of the third chromosome, progressively lesser in each successive 
region farther out, and negative in the two most distal regions. 

2. Coincidence of double crossover combinations was increased relative to 
control coincidence values in a similar curve. 

3. Great individual variation in crossover production after gamma-ray 
treatment was shown by regular females, by inversion females, and by regular 
males. 

4. The changes might have originated in meiotic or in gonial cells. Results 
1 and parts of 2 and 3 above are consistent with the idea that meiotic crossing 
over may have become easier the nearer the spindle region of the chromo- 
some, but all three results are predictable on the hypothesis that odgonial 
crossing over has been induced according to the pattern of crossing over 
known for male rucuca heterozygotes. 

5. The distribution of crossovers among families from gamma-ray treated 
Curly Lobe* inversion heterozygotes had a probability of .001 of resulting 
from random meiotic crossing over. The recombinants have been attributed to 
odgonial crossing over in these females. 

6. Treatment of 4000-r induced crossovers in 14 of 59 treated males in an 
even greater nonrandom distribution which was due to spermatogonial cross- 
ing over. A new crossover-selector system of testing was employed here. 

7. Expression in ratio form of the regionally different effects of starvation 
of larvae upon crossover production (NEEL’s data) shows a maximum in- 
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crease in the spindle region and other graded increases as found here using 
gamma rays. 

8. During three different eight-hour periods of the day irradiation of adult 
rucuca heterozygotes seemed to be equally effective“in producing changed 
recombination values. 


ACKNOWLEDGMENTS 


The writer takes pleasure in acknowledging aid and encouragement in nu- 
merous ways from many sources: to Dr. ALEXANDER HOLLAENDER for his 
interest in the work as it progressed and for providing the proper facilities 
for carrying out Drosophila linkage experiments; to the UNITED STATES 
ATOMIC ENERGY COMMISSION acting through the OAK RIDGE INSTITUTE OF 
NucLear StupiEs for enabling the writer to take up residence here for six 
months; to Dr. A. S. HouseHOoLpDER for frequent advice and continuing in- 
terest in the statistical problems posed and for the temporary assistance of a 
member of his staff; to Miss Mary PicForp who also assisted on all phases 
of the work during the last two experiments; to Dr. H. J. MULLER for dis- 
cussions of the experimental results and for previous encouragement in the 
syntheses of stocks to implement the crossover-selector system; to the RE- 
SEARCH COUNCIL of the UNIVERSITY oF NorTH CAROLINA for two successive 
grants from the CARNEGIE RESEARCH FUuND to aid in the syntheses of the 
special stocks; to the trustees and administrative officers of the UNIVERSITY 
oF NortH Caro.ina for granting a leave during the spring quarter of 1949; 
and to my colleagues there in the Department of Zoology who absorbed vari- 
ous parts of my duties at that time; and most recently to Proressor A. H. 
STURTEVANT for pointing out an inherent source of error in coincidence 
calculations. 


LITERATURE CITED 


BercNer, A. Dororuy, 1928 The effect of prolongation of each stage of the life cycle 
on crossing over in the second and third chromosomes of Drosophila melanogaster. 
J. Exp. Zool. 50: 107-163. 

Brinces, C. B., 1915 A linkage variation in Drosophila. J. Exp. Zool. 19: 1-21. 

1927. The relation of age of the female to crossing over in the third chromosome 
of Drosophila melanogaster. J. Gen. Physiol. 8: 689-700. 

Brivces, C. B., and K. S. Breume, 1944 The mutants of Drosophila melanogaster. 
Carnegie Inst. Wash. Publ. 552: 257 pp. 

BrowNIiNnG, Iben, 1949 The relation between potassium oxalate concentration and 
crossing over. Univ. Texas Publ. 4920: 57-62. 

Cooper, KENNETH W., 1949 The cytogenetics of meiosis in Drosophila. Mitotic and 
meiotic autosomal chiasmata without crossing over in the male. J. Morphol. 84: 
81-122. 

Friesen, H., 1936 Spermatogoniales crossing over bei Drosophila. Z.i.A.V. 71:. 501-526. 

Gowen, J. W., 1919 A biometrical study of crossing over. Genetics 4: 205-250. 

Hinton, CLaupve W., and M. WHItTINGHILL, 1950 The distribution of X-ray-induced 
crossovers from Curly inversion heterozygotes of Drosophila melanogaster females. 
Proc. nat. Acad. Sci. 36: 552-558. 

LeFevre, GEORGE, Jr. 1948a The relative effectiveness of fast neutrons and gamma 
rays in producing somatic mutation in Drosophila. Genetics 33: 112. 
1948b The relative effectiveness of fast neutrons and gamma rays in producing 
somatic crossing over in Drosophila. Genetics 33: 113. 














GAMMA RAYS AND CROSSING OVER 355 


Mavor, James W., 1923 An effect of X-rays on crossing over in Drosophila. Proc. 
Soc. Exp. Biol. & Med. 20: 335-338. 

Misro, B., 1949 Crossing over as a source of new variation. Proceedings Eighth 
International Congress of Genetics, Hereditas, Supplementary Vol.: 629. 

Mutter, H. J., 1925 The regionally differential effect of X-rays on crossing over in 
the autosomes of Drosophila. Genetics 10: 470-507. 

NEEL, James V., 1941 A relation between larval nutrition and the frequency of 
crossing over in the third chromosome of Drosophila melanogaster. Genetics 26: 
506-516. 

Parker, D. R., 1948 Observations on crossing over induced by X-rays in the males 
of Drosophila. Genetics 33: 304-310. 

Proucu, H. H., 1917 The effect of temperature on crossing over in the second 
chromosome of Drosophila. J. Exp. Zool. 24: 147-207. 

1921 Further studies on the effect of temperature on crossing over. J. Exp. Zool. 
32: 187-203. 
1924 Radium radiations and crossing over. Am. Nat. 58: 85-87. 

RepFIELD, H., 1930 Crossing over in the third chromosome of triploids of Drosophila 
melanogaster. Genetics 15: 205-252. 

1932 A comparison of triploid and diploid crossing over for chromosome II of 
Drosophila melanogaster. Genetics 17: 137-152. 

Scuuttz, J., and H. Reprietp, 1933 (in Morgan, Bridges and Schultz) Carnegie 
Inst. Wash. Yearbook 32: 298-302. 

STernzerc, A. G., 1936 The effect of autosomal inversions on crossing over in the 
X-chromosome of Drosophila melanogaster. Genetics 21: 615-624. 

STEINBERG, A. G. and F. CLARKE Fraser, 1944 Studies on the effect of X-chromosome 
inversions on crossing over in the third chromosome of Drosophila melanogaster. 
Genetics 29: 83-103. 

Stern, C., 1926 An effect of temperature and of age on crossing over in the first 
chromosome of Drosophila melanogaster. Proc. nat. Acad. Sci. 12: 530-532. 

WEINSTEIN, A., 1918 Coincidence of crossing over in Drosophila melanogaster. Genetics 
8: 135-172. 

WHITTINGHILL, Maurice, 1938 The induction of odgonial crossing over in Drosophila 
melanogaster. Genetics 23: 300-306. 
1947a Spermatogonial crossing over between the third chromosomes in the presence 
of the Curly inversions of Drosophila melanogaster. Genetics 32: 608-614. 
1947b A convenient form for the recording of linkage data. Drosophila Information 
Service 21: 91-93. 
1948a A spermatogonial map of chromosome III of Drosophila melanogaster. 
Genetics 33: 131. 
1948b The effects of methyl-bis(beta-chloroethyl)amine upon recombination values 
in Drosophila melanogaster. Genetics 33: 634. 
1950a Some consequences of odgonial crossing over in Drosophila females. Genetics 
35: 38-43. 
1950b Two crossover-selector systems: New tools in genetics. Science 111: 377-378. 
1950c Evidences from complementary crossover classes as to the time of cross- 
ing over. Genetics 35: 699. 

WHITTINGHILL, M., and C. W. Hinton, 1950 The nature of linkage variation with age in 
inversion heterozygotes of Drosophila melanogaster. Proc. nat. Acad. Sci. 36: 
546-551. 

Wican, L. G., 1949 Chromosome regions which give new variation by crossing over. 
Proceedings Eighth International Congress of Genetics, Hereditas, Supplementary 
Vol. : 686-687. 














THE GENETIC BASIS OF X-RAY INDUCED RECESSIVE 
LETHAL MUTATIONS? 


IRWIN H. HERSKOWITZ 
Department of Surgery, Louisiana State University, School of Medicine, 
New Orleans, Louisiana 


Received September 22, 1950 


-RAY induced recessive lethals have been visualized as resulting from 

point mutation, deficiency, and position effect. The question arose as 
to the proportion of such lethals associated with chromosomal breakage and 
the proportion produced independently of breakage. Although it is possible 
all three types of lethals occur at or near points on chromosomes that have 
been broken, only point mutation would seem to be capable of arising with- 
out chromosomal breakage as a prerequisite. LEA and CATCHESIDE (1945) 
and Herskow!Tz (1946) have analyzed the available data and concluded 
that the great majority of recessive lethals occurred in association with the 
phenomenon of breakage. At that time it did not seem necessary to postulate 
any appreciable number of lethals were due to point mutation unassociated 
with breaks or to position effect. Since then, however, a number of incon- 
sistencies have been noted in this hypothesis, chiefly by Fano (1947) and 
MUuLLeR (1950), and accordingly, it seemed desirable to reexamine the prob- 
lem at this time. 

Several studies with Drosophila melanogaster have shown an intimate rela- 
tionship between the occurrence of chromosomal rearrangements and reces- 
sive lethals. MULLER and ALTENBURG (1930) found that many transloca- 
tions were accompanied by a recessive lethal effect. OLIVER (1930, 1932) and 
Hersxowitz (1946) irradiated mature sperm of the Canton-S stock, de- 
tected lethals on the X chromosome, and subsequently tested them for asso- 
ciation with gross chromosomal rearrangements. Using the same criteria, they 
found the percent of lethal cultures showing rearrangement increased with 
dosage and that, in almost all cases, it was impossible to separate the lethal 
from the rearrangement by crossing over. The same type of observation was 
made by DemeEreEc (1937). After examining a number of lethal cultures for 
their association with chromosomal rearrangements, he found an increase 
with dosage in the percent of lethals which were associated with rearrange- 
ments. DEMEREC also found that in more than 90 percent of the cases the 
lethal was at or very close to a breakage point of the rearrangement. Other 
data relative to this are found in DemMEREc and Fano (1941). 

There are two ways a lethal associated with a chromosomal rearrangement 
might arise. Either it is produced directly or indirectly by the ionizing radia- 
tion that causes the break or it results when broken chromosome ends unite 
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in new arrangements. The former type of lethal is due to an association with 
the process of breakage, the latter to the position effect following breakage. 
No attempt is made, in this paper, to determine the proportion of those lethals 
connected with breakage resulting from point mutation and from deficiency. 

Lethals not associated with rearrangements might also have two origins. 
They may have been produced at or near breakages that returned to their 
old position, or they may be due to point mutations which arose without con- 
nection to radiation that produces breaks. 

In order for an hypothesis of lethal origin to be considered adequate, it 
should conform with the data on the increasing proportion of lethals asso- 
ciated with rearrangements with increased dose and provide a linear increase 
for lethals in viable sperm with dose (see CATCHESIDE 1948, fig. 19). It 
should also be consistent with the number of breaks postulated according to 
the dominant lethal calculations of HALDANE and Lea (1947), which are 
considered to be essentially correct. It should be noted also at this point, that 
MULLER has repeatedly emphasized that appreciable numbers of lethal break- 
free point mutations and lethal break-dependent position effects occur in 
Drosophila from X radiation (see MULLER 1950). 

Nevertheless, LEA and CATCHESIDE and I adopted the hypothesis that all 
lethals arise in connection with breaks and relegated to position effect and 
non-breakage mutation a relatively small and undetectable role in recessive 
lethal production. LEA and CaTCHESIDE reasoned that if lethals associated 
with rearrangements are not fundamentally different from other lethals and 
are included in rearrangements only because the ionizing particle causing the 
lethal also caused the break entering the rearrangement, the total observed 
number of lethals would be proportional to dose, the number of lethals asso- 
ciated with gross structural change would increase as (dose) 3/2, and the 
residual number would increase less rapidly than the first power of the dose. 
This hypothesis seemed to fit the data and was accepted by them. It followed, 
from this view, that a number of lethals unconnected with rearrangements 
would really represent lethals located at breaks which had restituted. LEA 
and CATCHESIDE then proceeded to see how far a consistent picture could be 
obtained on the basis that all lethals were connected with breakage with posi- 
tion effect playing no role. On the assumptions that lethals associated with 
minute rearrangements are lethal because one or more loci are deleted and 
that when a chromosome is broken in two places there is equal chance that 
the segment between the breaks shall either be deleted or inverted, they were 
able to calculate from their data on lethals at 3000 r that the number of breaks 
of all sorts in the euchromatin of X chromosomes of 100 viable sperm should 
be 22.6. This number of breaks is perhaps subject to considerable error 
since, as was pointed out by KAUFMANN (1947), the data at 3000 r came 
from a study of a small number of lethals. 

It was possible for LEA and CaTCHESIDE (1945) to obtain another estimate 
of the number of breaks in the X chromosome euchromatin of viable sperm 
from their studies of the proportion of sperm remaining viable after X ray 
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treatments. Although possibly an oversimplification, it was assumed that 
dominant lethals are solely the result of single unjoined breaks and asym- 
metrical interchanges. A mathematical expression for the. yield of dominant 
lethals with dose was derived after the problem was Simplified by neglecting 
the possibility that more than one break may occur on a single chromosome 
arm and by supposing that joining between various broken ends is at random. 
The values they arrived at agreed with the data on the percent of dominant 
lethals as a function of dose as well as the percent of viable sperm having 
gross structural change at different doses. Taking .162 as the fraction of all 
breaks that occur in the euchromatin of the X chromosome, (deduced by 
Fano 1941, from the observations of BAUER 1939), the number of breaks 
they postulated at 3000 r was 19.9 per 100 viable sperm. HALDANE and LEA 
(1947) developed less simplified equations, involving five chromosome arms 
and without limiting the number of breaks thereon, that fit the same data. 
They postulated about 19.5 breaks under the same experimental conditions. 

HerskowiTz (1946) has also assumed that all recessive lethals are pro- 
duced at points of breakage, with position effect and point mutation unasso- 
ciated with breaks contributing a negligible number of lethals. Arguing that 
if the probabilities of a break being a recessive lethal or of entering a viable 
gross rearrangement are independent, the product of these frequencies would 
be the frequency with which a break produced a lethal and also entered into 
an observed gross rearrangement. It may be calculated from this, using the 
available data, that 23.2 breaks should occur per 100 viable X chromosomes 
at 3000 r (see CATCHESIDE 1948). 

A number of objections can be raised to this hypothesis. If the number of 
rearrangements that are inviable increases in an exponential manner with 
dose, the number of breaks lost in inviable cells becomes more important as 
the dosage mounts and should cause the frequency of breakage in viable 
sperm to increase less than linearly with dose. This tendency is manifested, 
in the dominant lethal theory calculations of LEA and CATCHESIDE as well as 
of HALDANE and LEa, by the number of breaks postulated in viable sperm 
increasing slower than (dose) ?. If all lethals occur at breaks, with position 
effect playing no part, Lea and CATCHESIDE pointed out that the number of 
recessive lethals in viable sperm should increase with dose in the same man- 
ner as the mean number of surviving breaks. According to their dominant 
lethal theory calculations this would mean lethals should increase as the 0.84 
power of the dose, and according to HALDANE and LEa as the 0.92 power of 
the dose in the interval 1500-6000 r. Since the observed recessive lethal 
mutation rate shows a rather exact proportionality to dose there would still 
seem to be a real discrepancy between the postulated and the observed muta- 
tion rates. FANo (1947) and Mutter (1950) also recognized, according to 
this hypothesis, that the frequency of recessive lethals should increase less 
than linearly with dose because of the inroad that inviable rearrangements 
make into, the original number of lethals. Using general arguments, FANo 
estimated that at 3000 r the observed mutation rate is at least 20-25 percent 

















X-RAY INDUCED MUTATIONS 359 


higher than the theoretical rate. In my 1946 paper it was implied incorrectly 
that the number of breaks postulated was the number originally produced in 
sperm. These breaks really represent the number in viable sperm, interpreted 
correctly by CATCHESIDE (1948), and, in view of the discussion above,«should 
increase slower than the first power of the dose. MULLER (1940) cites work 
done in collaboration with OrFERMANN in which the lethal mutation rate 
was as high in irradiated'ring chromosomes as in non-rings. If all recessive 
lethals occurred at places of breakage, one would expect a decrease in lethal 
rate for rings as compared with non-rings due to the factor of torsional resti- 
tution which reduces the frequency with which restituted ring chromosomes 
are recovered. It is evident that the hypothesis that all lethals result from 
breakage alone is inadequate. 

A primary difficulty to overcome in devising an acceptable hypothesis is 
that whereas the number of breaks in viable sperm is not expected to increase 
linearly with dose such a relationship does hold for the number of recessive 
lethals. Discussion of several. modifications of the LEA and CaTCHESIDE and 
the Herskow!I7z hypothesis for lethal origin now follows. 

It may be supposed that while all lethals occuf only at or near breaks 
lethals associated with rearrangements are entirely the result of position 
effect. Certain arguments may be presented against this interpretation. 

First, the frequency of observed lethals unassociated with gross rearrange- 
ments should be almost linear with dose, whereas, in practice, it increases less 
rapidly than the first power of the dose (see CATCHESIDE 1948). Second, LEA 
and CATCHESIDE (1945) have determined at 3000 r, if the mean number of 
lethals per chromosome is the sum of a (dose) ? and a (dose) 3/2 term, the 
maximum proportion of (dose) */* lethals which can be admitted without dis- 
agreement with experiment is only about 17.5 percent. Moreover, this value 
must also include some lethals associated with minute rearrangements re- 
sulting from two ionizing particles. They calculated that 35 + 4 percent of 
the lethals experimentally produced at 3000 r are associated with gross struc- 
tural change. HerskowiTz (1946), using a different combination of data, ob- 
tained a value of about 23 percent. Thus, there seem to be more lethals asso- 
ciated with rearrangements than can be due to position effect alone. Third, 
and finally, FANo (1947) has calculated, using general arguments, that the 
observed mutation rate at 3000 r is about 33 percent lower than it should be 
on this hypothesis. In view of these arguments one may reject the hypothesis 
lethals associated with rearrangements are due entirely to position effect. 

Another hypothesis to be considered is that some lethals associated with 
rearrangements are due to the breakage and others due to position effect (see 
VALENCIA and MULLER 1949, and MULLER 1950). Assuming that lethals can 
arise only in chromosomes that have been broken, there may be a certain 
chance that a break not, or not yet, included in a rearrangement shall bear 
a lethal, and an additional chance for lethality, due to position effect, for 
breaks that enter into gross rearrangements. According to LEA and CATCHE- 
SIDE’s analysis up to about 17 percent of the lethals at 3000 r might be due to 
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a mechanism such as this. How well does this interpretation fit the data and 
the HaLpaNneE and Lea calculations? The frequency that a breakage point of 
a gross rearrangement shall bear a recessive lethal condition is 30/80, or 
about 38 percent, at 3000 r according to Lea and CaTcHESIDE (1945). This 
value must be, then, the combined chance a break free from rearrangement 
shall bear a lethal plus the chance a break which has entered a rearrangement 
shall bear a lethal due to position effect. Thus, the chance that a break un- 
associated with rearrangement has of being a lethal is somewhat less than 38 
percent. When Lea and CATCHESIDE estimated the number of breaks per 100 
viable sperm from their study of lethals at 3000 r, on the basis that all breaks 
due to single ionizing particles had a 38 percent chance for lethality, they ob- 
tained a value of 22.6. According to the dominant lethal theory less than 20.0 
breaks were postulated (LEA and CatcuHesipe 1945, HALDANE and LEA 
1947). In the hypothesis under discussion many breaks have less than a 38 
percent chance of being lethal so that the number of breaks postulated would 
have to be still larger and this would increase the discrepancy. Looking at 
this hypothesis another way, if the chance any break shall bear a lethal is 
38 percent, and 19.5-19.9 breaks postulated to occur in 100 viable sperm at 
3000 r according to dominant lethal theory, the number of lethals expected 
is 7.4-7.6 percent as compared with 8.7 percent obtained experimentally. 
Since the chance some breaks bear a lethal is less than 38 percent, as it would 
be if the hypothesis under discussion obtains, the same number of breaks 
would furnish still fewer lethals and fall short by a greater percent. It is 
possible to select certain values for the chance breaks in and not in rearrange- 
ments are lethal that will furnish the correct number of observed lethals and 
of breaks at one X-ray dose. However, when such values were applied at 
other doses, the number of breaks required to obtain a linear lethal mutation 
rate was always greatly at variance with the number expected by HALDANE 
and Lea. Therefore, on this hypothesis, position effect lethals cannot increase 
rapidly enough with dose, to produce a total mutation rate that is linear, 
without overestimating the number of breaks required. 

Still another hypothesis may be suggested. There may be two independent 
origins for recessive lethals, one group resulting solely from breakage and 
another independent of breakage, both increasing linearly with dose according 
to the simplest expectation. This is possible according to LEa.and CatTcHE- 
sIDE’s analysis for there is no reason to suppose that all lethals unconnected 
with rearrangement must result from breakage. However, this idea is subject 
to the same criticisms as the original one. The number of breaks postulated 
would be reduced proportionately at all doses but the mutation rate observed 
would not become linear. 

Qualitatively, the problem can be solved by adopting a triple origin hy- 
pothesis for recessive lethals. The majority of lethals would result solely 
from breakage with position effect contributing enough lethals to cause a 
linear increase in viable sperm with dose despite the less than linear increase 
in the number of breakages that survive. In addition, lethals would be pro- 
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duced independently of breaks, thereby reducing the number of breakages 
required. Given these three origins for recessive lethals, it also becomes possi- 
ble to formulate a mathematical system which will provide values at different 
X-ray doses that are consistent with the observed lethal mutation rate and 
the number of surviving breaks. Because of the considerable error to which 
certain data to be employed are subject, the calculations that follow are 
meant to serve more as a model for the hypothesis proposed rather than as 
an attempt to determine actual values. 

Recapitulating, some lethals would be produced independently of breakage, 
due to point mutations, and would increase linearly with dose. Others would 
result from breakage alone, and still others from position effects following re- 
arrangement of the breaks. Were there no position effect the number of 
lethals produced at breakages would increase linearly with dose. Although it 
is possible that a break might in some cases be lethal if it restituted and not 
be lethal if transposed to a new location, it is postulated that the net chance 
for lethality is increased when a break enters a rearrangement, so that the 
total frequency of lethals resulting from breakage would increase in an ex- 
ponential manner with dose. Only gross rearrangements will be considered 
as contributing to the number of position effect lethals. Although it is prob- 
able that a number of minute rearrangements also add to this class of lethal 
(MUuLLER 1950), this is neglected since it is not feasible to determine what 
proportion do so. 

The data and calculations to follow are summarized in table 1. According 
to HALDANE and Lea the mean number of primary breaks in 100 sperm per 
1000 r is 78.0. Taking their value of ag (0.57), the mean number of primary 
breaks per sperm per 1000 r which do not undergo sister-union, that best 
fits the data for dominant lethals and viable rearrangements at doses up to 
4000 r, the number of breaks in 100 viable sperm can be calculated for 
various doses using the 5 arm formulae and table 2 from their paper. 


TABLE 1 


Analysis of data on recessive lethals in viable sperm according to the triple origin 
hypothesis for lethals (see text for discussion). 





On the X chromosome of 100 viable sperm 











Number Number 
Number lethals breakage Number breaks 
Observed ; : 
Dose r sities point associated lethals not postulated Number 
x 1000 Saseie” mutation with gross in gross breaks? 
lethals rearrange- rearrange- a/.316 + b/.23 = Total 
ments' (a) ments (b) 
1 2.9 0.6 0.3 2.0 1.0 8.7 9.7 10.1 
2 5.8 1.2 0.9 3.7 2.8 16.1 18.9 18.6 
3 8.7 1.8 1.8 $.1 3.7 22.2 27.9 26.7 
4 11.6 2.4 27 6.5 8.5 28.2 36.7 34.9 
5 14.5 3.0 3.9 7.6 12.3 33.0 45.3 43.3 





'CATCHESIDE (1948), fig. 19. 
2H ALDANE and LEA (1947). 





362 IRWIN H. HERSKOWITZ 


Since 20.4 percent (325/1596) of all breaks occur on the X chromosome 
(BAUER 1939), this percent of the total number of breaks in viable sperm 
furnished the values entered in table 1. The number of lethals observed in 100 
viable sperm is about 2.9 per 1000 r, including a correction for the number 
of X chromosomes bearing several lethals (see CATCHESIDE 1948, fig. 19). 
The number of lethals associated with gross structural changes at different 
doses is also summarized in figure 19 of CATCHESIDE (1948). Experimentally, 
Lea and CatcHEsIpE (1945) found at 3000 r that there were 3.0 lethals 
associated with gross rearrangements per 100 viable X chromosomes. The 
number of breaks in the euchromatin of the X chromosome under these con- 
ditions which take part in recoverable gross structural change is 9.5 accord- 
ing to BAvER (1939). Therefore, 3.0/9.5, or about 31.6 percent, of all breaks 
in gross rearrangements bear lethals. The values calculated by HERSKow1Tz 
(1946) ranged from 30-33 percent for doses covering 1000-6000 r. Accord- 
ingly, 31.6 percent was taken to represent the chance a break entered into a 
gross rearrangement has of resulting in a lethal. To get as good an apparent 
fit as possible, it is assumed that 0.6 percent lethals per 1000 r occur due to 
break-free point mutation, and that a break not, or not yet, rearranged has a 
23 percent chance of being lethal. 

The number of breaks postulated according to the assumptions just made 
may now be calculated. For the safe of clarity, the calculations made for a 
dose of 1000 r are presented in detail. Of the 2.9 lethals produced in 100 
viable sperm, 0.3 are lethals associated with viable gross rearrangements. 
These must have arisen from 0.3/.316 or 1.0 breaks. Since 0.6 lethals are 
assumed to result from point mutation there would remain 2.0 lethals due 
to breaks not involved in gross rearrangements. These should have come 
from 2.0/.23 or 8.7 breaks. Thus, the total number of breaks postulated is 
9.7 which compares favorably with the 10.1 expected by HALDANE and LEa. 
The numbers of breaks postulated for other doses are also in satisfactory 
agreement. At 3000 r, 20.7 percent of the total observed recessive lethal muta- 
tion rate would be due to point mutation, 73.7 percent to breakage alone, and 
5.6 percent to position effect. 


SUMMARY 


Several hypotheses concerning the origin of X-ray induced recessive lethals 
are discussed. It is found that those postulating a single, or even a double, 
origin for recessive lethals are not consistent with the available data and 
theory. 

An hypothesis is suggested that recognizes lethals arising from three 
origins: point mutation, independent of breakage; breakage alone; and posi- 
tion effect following rearrangement of breaks. When the number of X 
chromosome break-free point mutation lethals in 100 viable sperm per 1000 
r is assumed to be 0.6, the chance for a break not involved in gross rearrange- 
ment to bear a lethal 23 percent, and the chance for lethality for a break 
included in a viable gross rearrangement 31.6 percent, the number of breaks 
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involved corresponds to the number postulated by HALDANE and Lea (1947) 
for different doses and a linear increase in recessive lethals with dose is 
obtained for viable sperm. 
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T is well known that an exposure of Drosophila sperm to X-rays has sev- 
eral consequences. One is an increase in the frequency of gene mutations— 
visible and lethal, sex-linked and autosomal—carried by the sperm. The fre- 
quency of chromosomal aberrations is also increased. The proportion of viable 
fertilized eggs is decreased. The sex ratio of the developing larvae is altered. 
The effect of various doses of X-rays on these phenomena has been deter- 
mined and the interrelationships of the phenomena themselves have been 
analyzed. 

From these analyses there has developed a theory that dominant lethals, 7.e., 
genetic constitutions lethal in the heterozygous condition, result from chromo- 
somal rearrangements that give rise to inviable combinations during the first 
division of the fertilized egg. This theory, which has been elaborately pre- 
sented by Lea (1947), is generally but not universally accepted. Objections 
are raised because of discrepancies between expected and observed frequencies 
of various associated genetic changes (FANo 1947) and also because struc- 
tures carried by the sperm and necessary for cell division, e.g., the centro- 
some, must also, a priori, be subject to injury by X-rays. 

Since most of the available data are based on experiments with X-rays, it 
was felt that the mutagenic properties of nitrogen mustard offered a new 
approach. AUERBACH and Rosson (1946) have reported that the frequency 
of translocations induced by nitrogen mustard is lower than that induced by 
X-rays giving a similar frequency of recessive, sex-linked lethals. Proceeding 
from this observation, the following working hypothesis was developed: If 
nitrogen mustard induces fewer chromosomal aberrations than do X-rays, 
and if dominant lethals are a result of chromosomal aberrations, then the 
frequency of dominant lethals induced by comparable treatments should be 
lower for nitrogen mustard than for X-rays. It will be seen that this hy- 
pothesis requires modification. 


MATERIALS AND METHODS 


Males of the Oregon-R strain of D. melanogaster were exposed to aerosols 
of aqueous nitrogen mustard solutions and, by means of appropriate tests, the 
frequencies of dominant and sex-linked recessive lethals in their sperm were 

* Work done under a grant in aid from the AMERICAN CANCER SOcIETY upon the 


recommendation of the CoMMITTEE ON GROWTH OF THE NATIONAL RESEARCH COUNCIL. 
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determined. Both the apparatus for exposing Drosophila to aerosols and the 
Muller-5 test for sex-linked lethals have been described in detail by DEMEREC 
(1948). 

Since aerosol treatments are not standardized, solutions of different con- 
centrations of nitrogen mustard were used and the time of exposure was 
varied in different experiments (table 1). To compare the results of these 
experiments with those of X-ray experiments, the dominant lethal-X-ray 


TABLE 1 


Concentration of aqueous solutions of nitrogen mustard and time of treatment 
in different experiments. 








Experiment Conc. (%) Time (Hrs.) Control experiment 
534 2 2 536 
535 4 2 536 
538 4 6 542 
539 2 6 542 
540 1 6 542 
541 0.5 2 542 
545 0.5 6 547 
546 1 6 547 
560 5 24 563 
561 1 24 563 
562 2 24 563 
564 4 14 567 
565 2 14 567 
566 1 14 567 
568 1 2 570 
569 0.5 24 570 
573 0.5 24 575 
574 1 24 575 
576 0.5 2 578 
579 0.5 6 581 
580 1 6 581 
587 2 6 590 
588 4 6 590 
589 1 2 590 
591 4 2 592 
593 2 3 594 
595 1 4 596 . 
602 0.5 2 none 
603 0.5 4 604 





* Not included in table 2 or figure 1. 


dosage relationship given by Lea (1947, p. 169) was converted into a domi: 
nant lethal-recessive lethal relationship by assuming that 1000 r of X-rays 
induce 3 percent recessive lethals on the X-chromosome. 

Dominant lethal data were obtained by mating individual treated (and 
control) males in shell vials with single Oregon-R females (not selected for 
high percentage of egg hatching but raised under optimal conditions). For 
two or three days, wooden spoons of freshly yeasted cornmeal-agar media 
were inserted into the vials; each spoon remained in a vial for approximately 
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24 hours. Egg counts were made immediately after removing the spoons 
from the vials. A second count was made after 24 hours and unhatched eggs 
were transferred to fresh food (primarily to remove them from the develop- 
ing larvae and thus avoid loss). A final count was made after 48 hours. The 
frequency of dominant lethals was calculated by dividing the difference be- 
tween the frequencies of unhatched eggs in the nitrogen mustard experiment 
and in its control by the frequency of viable eggs in the control. 

The technique of testing males was changed during the course of the study. 
In experiments 534 to 578, treated males were arbitrarily divided into two 
groups, one of which was treated for recessive lethals and the other for domi- 
nant lethals. In experiments 579 to 590, individual treated males were mated 
with Oregon-R females and, after 2 or 3 days, remated with M-5 females for 
recessive lethal tests. In 591 and subsequent experiments this procedure was 
reversed; males were mated for two days with M-5 females for recessive 
lethal data and were then placed with Oregon-R females. The data, conse- 
quently, are of two types: “ consolidated” data from experiments in which 


TABLE 2 


Frequencies of recessive, sex-linked lethals and dominant lethals obtained in 
different experiments. n equals number of eggs or sperm tested. ‘‘Limits’’ refers 
to the upper and lower limits of the 95% confidence interval. 














Dominant Lethals Recessive Lethals 
Expt. 
n £(%) Limits n £(%) Limits Weighted f 

534 3557 13.9 15.7=12.1 545 5.1 7.4=3.6 5.4 
535 3045 25.7 = 27.9=23.5 463 3.9 7.1<1.5 4.8 
538 1190 15.1 18.3=11.9 255 2.8 5.6—1.3 4.8 
539 1576 10.4 13.2— 7.6 391 2.6 4.7=1.4 3.0 
540 2113 19.1 21.7-16.5 681 0.9 1.9=0.4 0.8 
541 1704 2.8 5.4= 0.2 499 0.4 1.5-0.1 0.4 
545 1044 9.3 13.5= 5.1 202 3.0 6.4=1.4 2.5 
546 1062 17.8 22.0-13.6 214 1.9 4.8=0.7 } 
560 1065 aii 24.7=17.5 309 7.4 11.0-5.0 7.4 
561 875 38.3 42.3=34.3 824 6.4 8.4—4.9 7.4 
562 301 46.6 52.8-40.4 126 9.5 16.1+5.5 10.0 
564 429 83.8 87.4-80.2 126 6.4 12.2=3.2 8.4 
565 960 76.7 79.7=73.7 268 7.8 11.7=5.2 7.8 
566 1533 23.8 26.4—21.2 606 4.5 6.5=3.1 4.4 
568 1205 79.1 81.5-76.7 409 9.1 12.3-6.6 11.5 
569 2166 56.5 58.7-54.3 738 3.3 4.8=2.2 3.3 
573 196 89.7 94.1-85.3 293 3.1 5.81.6 3.0 
-574 572 70.5 74.5=66.5 707 3.8 5.5=2.6 4.2 
576 3726 7.3 8.7— 5.9 1185 0.8 1.8-0.2 1.0 
579 1182 48.7 51.7=45.7 854 1.6 2.8=1.0 1.5 
580 1486 66.7 69.3-64.1 1398 1.4 2.2=0.9 1.6 
587 1010 45.0 49.4—42.6 786 7.0 9.0=5.4 8.8 
588 557 67.5 71.5=63.5 374 11.0 14.6-8.1 9.3 
589 2009 4.8 6.6— 3.0 1131 2 2.1-0.7 1.0 
591 404 17.6 21.8-13.4 226 2.7 5.8-1.2 3.1 
593 1631 3.3 4.9= 1.7 833 1.2 2.2-0.7 1.3 
595 414 28.4 33.4—23.4 310 4.5 7.5=2.7 5.8 
603 1146 21.1 23.7=18.5 208 6.3 10.5=3.7 6.0 
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different flies were tested for dominant and recessive lethals and, in the later 
experiments, “ individual” data covering both types of lethals from the same 
male. Data of the latter type can be consolidated, however, and treated as 
the former. 

Recessive lethals were located genetically by means of the mutant genes 
ec, ct, v and g. When the number of lethals became so great that the deter- 
mination of the precise location of each was too laborious, special attention 
was given to lethals arising within the same male. These were located suf- 
ficiently well to indicate that they occupied different loci and, therefore, could 
not have been derived from an early spermatogonial mutation. 

All cultures were kept either at room temperature or at 27°C. 


CONSOLIDATED DATA 


The results of the early experiments and the consolidated data of the later 
experiments are given in table 2 and figure 1. There is obviously a great deal 
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Ficure 1.—The relationship of dominant and recessive sex-linked lethals induced 
by nitrogen mustard. Solid circles are unweighted data, hollow circles are weighted. 
The solid line is the theoretical relation given by Lea (1947). The upper and lower 
broken lines are the lines of least squares of the unweighted and weighted nitrogen 
mustard data, respectively. 
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of variation between the different experiments. The worst offenders tend to 
fall in the upper left corner of the figure as if the frequencies of recessive 
lethals detected after treatments giving high frequencies of dominant lethals 
were systematically reduced. 

Superficially, it would seem as if this reduction in the frequency of reces- 
sive lethals could be quite easily explained. First, the effectiveness of the 
aerosol treatment depends in some way upon the individual fly (see AUER- 
BACH and Rosson 1946) ; males with no lethals induced in their sperm can 
be found in experiments which induce 10 percent, 14 percent, or higher per- 
centages of lethals in the sperm of other males. Second, the test for recessive 
lethals is made by using F, females which necessarily must not carry domi- 
nant lethals; the more effect a treatment has on a given male, the higher the 
frequency of dominant lethals, and the fewer the sperm that can be tested for 
recessive lethals. As a result, when data obtained from a number of males 
are consolidated, those males that avoid the full effect of the treatment con- 
tribute a disproportionate number of sperm to the total tested for recessive 
lethals, and the frequency of recessive lethals in these sperm is low. Males that 
are greatly affected by the treatment, on the other hand, show a high fre- 
quency of dominant lethals but contribute very few sperm to the total tested 
for recessive lethals. 

Actually, the above-described situation may be true to some extent, but it 
is insufficient to account for all of the observed variation. If, in calculating 
the frequency of recessive lethals in each experiment, the frequencies obtained 
from each male are averaged, the discrepancies resulting from dominant 
lethals are properly weighted. These weighted averages, also given in table 2 
and figure 1, obviously do not alter the situation substantially. 

In view of the variability between experiments, no attempt has been made 
to calculate a theoretical curve based on the nitrogen mustard data. Instead, 
these data are simply compared to the theoretical curve of LEA by means of 
lines of least squares for the nitrogen mustard data (Y = frequency of domi- 
nant lethals, X = frequency of recessive lethals) : 

Unweighted recessive lethals 
Through origin: Y¥ =7.33X 
Not through origin: Y= .157+4.79X 
Weighted recessive lethals 
Through origin : Y =6.76X 
Not through origin: Y= .153+4.48X 
These lines of best fit and the theoretical curve for X-rays are shown in 
figure 1. In spite of the variability of the nitrogen mustard data, it is ap- 
parent that the relationships of the two types of lethals resulting from the 
two mutagenic agents are strikingly similar. 


INDIVIDUAL DATA 


In an effort to avoid biasing the data in favor of low frequencies of reces- 
sive lethals, the experimental technique was modified, as explained above, 
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in order that the frequencies of both dominant and recessive lethals induced 
in single males would be known. Data were collected from 99 males and are 
given in table 3. These data offer three difficulties that were unimportant in 
the consolidated data. First, it is not possible to correct the dominant lethal 
data for the control frequency of unhatched eggs. Second, because of a lack 
of standardization of the measurable factors (eggs laid, eggs failing to hatch, 
sperm tested, and recessive lethals recovered), it is difficult if not impossible 
to compute correctly weighted lines of least squares. Third, since males 
treated with nitrogen mustard are, at best, in poor physical condition, the 
data obtained for each male are scanty. 

The simplest comparison that can be made between the individual data and 
the theoretical X-ray curve consists of comparing the nitrogen mustard ob- 
servations and their 95 percent confidence intervals with the theoretical values 
obtained from LrEa’s formula. This technique is more accurate when the con- 
fidence intervals for recessive lethals are compared since the dominant lethal 
confidence intervals are generally shorter than those of the recessive lethals. 
It is apparent that considerably fewer than 95 percent of the confidence in- 
tervals should include the theoretical values, for the test assumes that the 
dominant lethal frequency is known with certainty. 

The results of the comparison are given in table 3. If a confidence interval 
includes the theoretical value, the test is considered a success (+); if the 
theoretical value lies outside the confidence interval, the test is considered a 
failure (—). For all males tested, there are 75 successes and 24 failures. Of 
the 75 successes, 51 of the observed frequencies of recessive lethals were too 
low, 20 too high; of the 24 failures, 10 were too low and. 14 too high. Con- 
sidering that it is impossible to correct for control hatching (which would 
tend to make the frequency of recessive lethals appear too low), we regard 
these data as indicating a good fit. The conclusion, again, is that the dominant 
lethal-recessive lethal relationship is substantially the same for x-rays as for 
nitrogen mustard. 


DISCUSSION 


In considering these results, it may be wise to review the evidence for the 
abnormally low translocation/lethal ratio of previous nitrogen mustard ex- 
periments. AUERBACH and Rogpson (1946) have reported that, in two experi- 
ments involving 816 and 981 tests, 0.9 percent and 2.1 percent translocations 
were obtained when 7 percent and 10 percent (based on 8.6 percent and 14.5 
percent sex-linked lethals) would have been expected with X-ray treatment; 
a third experiment involving 33 tests also gave fewer translocations than 
expected. The conclusion that nitrogen mustard induces fewer translocations 
than X-rays seems well founded. 

On the other hand, the data presented. here give no indication that the 
dominant lethal/recessive lethal ‘relationship resulting from nitrogen mustard 
treatment differs greatly, if at all, from that resulting from X-radiation. 

Two arguments may be employed to explain this apparent discrepancy. 
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TABLE 3 


Frequencies of recessive, sex-linked lethals and dominant lethals obtained from 
different treated males. n equals number of eggs or sperm treated. + indicates that 
the theoretical frequency of recessive lethals falls within the experimental 95% 
confidence interval; - indicates that it does not fall within. 














Dominant Recessive 
Expt. 
male n £(%) n f(%) +or- 

579 1 67 77.6 19 0 + 
6 19 aa3 59 yy + 

7 107 38.3 67 0 + 

8 8 25.0 54 0 

1l 25 72.0 70 1.4 - 

14 81 8.6 66 0 ~ 

16 98 37.8 62 1.6 + 

18 12 66.7 39 2.6 * 

20 46 54.4 76 2.6 + 

21 105 50.5 87 3.4 + 

22 29 79.3 58 pe 4 - 

25 61 80.3 29 3.4 + 

26 14 37.7 24 0 + 

580 2 73 90.4 56 1.8 - 
5 117 59.0 49 6.1 - 

9 98 83.7 99 1.0 ~ 

10 18 22e2 96 1.0 + 

12 24 8.3 102 1.0 + 

14 22 63.6 85 0 - 

15 58 20.7 103 1.9 + 

21 70 85.7 99 1.0 ~ 

25 25 84.0 40 0 - 

27 85 97.7 70 2.9 - 

28 40 67.5 75 ay - 

587 2 62 61.3 64 6.3 7 
3 83 49.4 79 6.3 . 

5 87 32.2 68 10.3 - 

7 33 21.2 58 6.9 + 

9 ll 9.1 75 1.3 + 

11 86 22.1 74 9.5 - 

14 108 78.7 88 | - 

15 50 86.0 58 13.8 ~ 

16 8 25.0 30 6.7 + 

17 12 33.3 52 5.8 + 

20 107 18.7 41 2.4 . 

24 5 40.0 41 22.9 + 

588 5 42 76.2 13 0 + 
9 33 39.4 42 21.4 - 

ll 36 80.6 15 0 7 

13 125 88.0 17 17.6 + 

22 34 52.9 26 11.5 ~ 

25 48 85.4 73 12.3 + 

26 39 46.2 23 4.3 + 

589 2 107 seen 21 0 7 
3 100 10.0 98 1.0 + 

4 83 16.9 90 2.2 > 

5 127 12.6 5 0 +, 

8 122 11.5 62 0 - 





NITROGEN MUSTARD INDUCED MUTATIONS 371 


TABLE 3—(continued) 














Dominant Recessive 
Expt. 
male n £(%) n £(%) +or- 

589 
(Cont’d.) 9 140 2.9 108 2.8 - 
13 155 6.5 92 0 - 
16 98 9.2 72 0 + 
17 108 2.8 82 2.4 ~ 
18 129 1.6 83 1.2 - 
19 147 12.3 95 id + 
21 109 33.9 88 2.3 - 
591 1 85 8.2 26 0 - 
3 68 23.5 9 0 - 
1l 37 27.0 30 0 ~ 
13 29 13.8 14 0 . 
17 79 34.2 25 8.0 + 
19 59 28.8 6 16.7 + 
20 25 4.0 39 2.6 ~ 
21 2 50.0 49 4.1 + 
593 1 150 $.3 66 0 + 
3 100 11.0 63 1.6 + 
4 103 16.5 22 4.5 + 
5 100 2.0 56 0 
6 139 0 30 3.3 -~ 
7 65 4.6 57 1.8 + 
8 75 ye 77 0 + 
9 108 13.9 54 0 + 
10 43 2.3 23 0 + 
13 136 3.7 48 0 + 
15 29 0 70 2.9 ae 
16 112 1.8 50 2.0 ad 
18 114 2.6 Pp 1.8 + 
20 109 1.8 31 3.2 - 
595 3 56 3.6 12 8.3 - 
5 72 9.7 26 3.8 > 
8 9 55.6 8 0 ~ 
15 67 62.7 11 0 + 
16 13 7.7 68 1.5 + 
602 1 5 0 40 0 ~ 
5 34 2.9 26 3.8 - 
6 12 0 56 0 + 
9 33 3.0 15 6.7 - 
13 53 5.7 1l 9.1 - 
14 33 0 10 0 
15 45 11.1 27 3.7 + 
603 : 23 13.0 23 4.3 ~ 
7 71 0 22 0 ~ 
10 80 2.5 1l 9.1 - 
14 106 7.6 13 15.4 - 
16 103 6.8 29 3.4 . 
17 5 60.0 2 0 - 
20 66 15.2 30 6.7 ~ 
24 107 3.7 20 0 - 
26 16 0 20 15.0 - 
29 45 24.4 13 0 + 
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a 


(1) Disturbances or changes induced in any of several components of mature 
sperm may give rise to “dominant lethals,” i.e., eggs which fail to hatch. 
The similarity in dominant lethal/recessive lethal ‘ratios obtained after nitro- 
gen mustard and X-ray treatment results from fortuitous, compensatory 
rates at which these several components are affected. (2) The initial effects 
of X-rays and nitrogen mustard, whatever they might be, are quite similar 
and the low frequency of recoverable translocations in the nitrogen mustard 
experiments results from subsequent events. It seems doubtful that the situa- 
tion shown in figure 1 could result from a chance counterbalance of several 
independent factors and, therefore, the first argument seems unlikely. 

The second interpretation stated above merely implies that the initial 
effects of nitrogen mustard and X-rays are similar. Do the data permit any 
statement regarding the number of different sources of dominant lethals? The 
following considerations are pertinent to this point. X-rays cause ionizations 
which are randomly distributed throughout the space occupied by the treated 
sperm. Nitrogen mustard is sprayed into the atmosphere and by an unknown 
but probably devious route eventually affects the genetic material within the 
sperm. If changes in several components of the sperm act as sources of 
“ dominant lethals ” and if these components occupy different regions of the 
sperm, it may be assumed that a diffusing substance with gradients of con- 
centration and randomly distributed ionizing particles would affect these 
various components at different relative rates. If this is granted, it would 
seem that X-rays and nitrogen mustard affect essentially the same component. 
Since chromosomal disturbances are known to produce dominant lethals, it 
seems that chromosomes are the component primarily responsible for domi- 
nant lethals. (A rapid diffusion and a low effective concentration of nitrogen 
mustard might tend to obscure the expected differences and render this argu- 
ment impractical. See AUERBACH’s (1946) data, however, which indicate a 
delayed action of nitrogen mustard. If the delayed-action interpretation is 
correct, it would seem that there is no great rapidity of action and that a 
considerable time may elapse before the effect of nitrogen mustard spreads 


’ 


from one area to another.) 

In order to be more secure in our conclusions that X-rays and nitrogen 
mustard have essentially a similar primary action in the production of domi- 
nant lethals, and that this action is chromosomal, we should be able to account 
for the paucity of translocations in sperm treated with nitrogen mustard. 
Unfortunately, the present data have no bearing on this problem. AUERBACH 
(1950) suspects that some secondary effect interferes with the formation of 
new reunions. It seems equally probable that the low frequency of transloca- 
tions is related, in part, to the abnormally high frequency of mosaics that 
follows treatment of sperm by nitrogen mustard. For instance, if a large pro- 
portion of the translocations induced by nitrogen mustard exist as transloca- 
tion mosaics, it is probable that these go undetected in the ordinary genetic 
test for translocations. Indeed, AUERBACH (1950) reports the occurrence of 
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a translocation mosaic arising from a treated egg. It does seem unlikely, how- 
ever, that all the missing translocations can be accounted for in this way. 


SUMMARY 


Simultaneous analyses were made of the frequencies of sex-linked recessive 
lethals and of dominant lethals induced in sperm of D. melanogaster by nitro- 
gen mustard. From a comparison of the results obtained with results expected 
from X-ray treatments, it is concluded that the modes of action of the two 
agents are quite similar, that their greatest primary effect is probably on the 
chromosomal material, and the low frequency of translocations induced by 
nitrogen mustard may result from later complications. 
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CHROMOSOMES OF THE TOMATO? 
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ECENT studies of the highly differentiated pachytene chromosomes of 

the tomato have indicated that this plant can be used in the analysis of 
chromosome structure in relation to chromosome behavior and gene location 
(Brown 1949; Barton 1950). In general, the twelve paired chromosomes 
of the tomato pachytene complement are differentiated into densely staining 
(chromatic) regions proximally on either side of the centromere, and lightly 
staining (achromatic) regions distally. Each achromatic region terminates 
in a well-defined telochromomere. 

Chromosome 2 is the only member of the complement with one arm which 
has no achromatic region. This short chromatic arm of chromosome 2 bears 
the nucleolar organizer. Previous investigators have suggested that few or no 
chiasmata are formed in this short chromatic arm (LrEsLey 1937; Brown 
1949). The present paper presents further evidence that chiasma formation 
and crossing over occur in the achromatic regions, with little or no incidence 
in the chromatic regions of the chromosomes of this plant. 


MATERIALS AND METHODS 


Three lines of Lycopersicon esculentum Mill. were used in the present in- 
vestigation. The first was Sutton’s Best of All. This line is the same as 
previously described by Barton (1950), and is characterized at pachytene 
by having a short satellite (about 2 microns in length) on the short chro- 
matic arm of chromosome 2. The second line, Genetic stock c-f-a,-j-lf, has a 
satellite of intermediate length (about 5 microns), and the third line, Genetic 
stock d,-c-l-u-H-d2, has a long satellite (about 10 microns in length). In all 
three of these lines, there seems to be complete homology in the non-satellited 
portion of chromosome 2. This is indicated by chromomere homology, as well 
as by complete synapsis in hybrids at pachytene. The distance between the 
centromere and the nucleolar organizer averages between 4.6 and 4.8 microns 
in the three lines. 

Cytological preparations of meiotic material used in this study were made 
using the techniques described previously (Barton 1950). Briefly, fixation 
of buds was done with alcohol-acetic acid (3:1); the buds were then rinsed 


1 This work was completed while the author was an Atomic ENERGY CoMMISSION 
PostTpocToRAL FELLow in the Department of Field Crops, UNiversiry oF MIssourt, 
although a part of the data reported here is included in a dissertation submitted by the 
author to the Division of Genetics, UNiverstry or CALIFoRNIA, Berkeley, California, in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy. 


GENETICS 36: 374 July 1951. 








CHIASMATA IN THE TOMATO 375 


in distilled water, mordanted in 4 percent iron alum, rinsed again in water, 
and then smeared in acetocarmine. Final differentiation on a steam bath is 
considered to be essential for critical meiotic studies on the tomato. 


THE EVIDENCE FOR LOCALIZED CHIASMA FORMATION 


1. Translocation 2-12. Among a group of F; plants from irradiated pollen, 
one plant was found with a translocation involving the nucleolar chromosome. 
This reciprocal interchange occurred immediately adjacent to the centromere 
on the short arm of chromosome 2, and immediately adjacent to the centro- 
mere on the long arm of chromosome 12 (figs. 1, 4). The pachytene behavior 
of this translocation is quite typical, although pairing is usually more com- 
plete than that found in interchanges which occur farther from the centro- 
meres. The affinity of homologous centromeres, and their subsequent pre- 
cocity in pairing over that of the adjacent chromatic regions (Brown 1949) 
may be the cause of this tendency for more complete synapsis than is usual. 





FicurE 1.—Diagram of figure 4. T2-12 at pachytene. Synapsis is complete to both 
centromeres. 


At diakinesis the scoring of the various associations of the chromosomes 
involved in this translocation was not considered to be sufficiently accurate, 
since the nucleolus held the short arms of chromosome 2 in such close prox- 
imity that it was sometimes impossible to ascertain whether or not a chiasma 
had been formed. Prometaphase in the tomato is recognizable as a stage of 
considerable contraction just prior to the orientation of the chromosomes on 
the metaphase plate. In the majority of cells, the whole complement can be 
distinguished clearly. The nucleolus is usually absent, but if present, is smaller 
than at diakinesis and is no longer associated with the nucleolar chromosome. 
Since the nucleolus exerts no effect in holding the chromosomes together at 
this stage, observations of associations of these chromosomes at prometaphase 
give a truer picture than at diakinesis (fig. 5). 

In a total of 154 prometaphase cells (table 1), 63 percent of the classifiable 
cells had chains of four chromosomes, and 33 percent had pairs. The remain- 
ing 4 percent were cells with an association of three chromosomes plus a 
single univalent, or a pair plus two univalents. There were 14 nonclassifiable 
cells (9 percent of the total). In this category are included those cells in 
which a clumping occurred to the extent that a true scoring was not possible. 
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TABLE 1 


Associations at prometaphase in plants heterozygous for T 2-12. 





Ring Chain 1031 + lin lly 
Plant number IV IV 121 


plus 11 plus 2; Non-class. Total 





1 eons 27 15 3 5 50 
11 aus 28 15 2 1 4 50 
42 sie 33 16 a 5 54 
Total 0 88 46 5 1 14 154 
Percent of 
classifiable 
cells cose 63 33 3.3 0.7 





There is no reason to suggest that these nonclassifiable cells represent a 
higher frequency of any particular association. 

The lack of formation of rings by this translocation leads to the conclusion 
that there is one arm of the association which does not form a chiasma with 
the frequency one would expect if chiasma formation is a random phenome- 
non. The long arm of chromosome 2, which is mostly achromatic, always 
forms one or more chiasmata with its homologue. In the pairs which were 
observed, one of the pairs always resulted from chiasmata in the latter chro- 
mosome arm. This would indicate that the position with no chiasma forma- 
tion must lie on one side or the other of the paired long arms of chromosome 
2, that is, either in the chromatic short arm of chromosome 2, or in the long 
arm of chromosome 12. Observations of the translocation at diakinesis have 
indicated that chiasmata are formed in the three positions in the chain not 
concerned with the nucleolus organizer. Therefore, the conclusion could be 
drawn that chiasmata occur rarely, if at all, in the short chromatic arm of 
chromosome 2. 

The evidence obtained in this section is suggestive of a differential incidence 
of chiasma formation in the chromatic and achromatic regions. 

2. Chiasma formation in chromosome 1. The impression that one obtains 
from a study of tomato chromosomes at diakinesis is that chiasmata are ter- 
minal or nearly so in most of the chromosomes of the complement. In the 
light of the evidence obtained in the preceding section, the observed positions 
of chiasmata at diakinesis may be due to the fact that they occur only in the 
achromatic regions during pachytene, with no subsequent terminalization. A 
subsequent contraction of these achromatic regions would give the impression, 
finally, of terminal or nearly terminal chiasmata. It is possible to obtain 
evidence which has a direct bearing on this subject. 

There are two chromosomes (1 and 2) that have achromatic regions suf- 
ficiently long to maintain their identity through diakinesis. It has been shown 
previously (Barton 1950), that the chromatic and achromatic regions of 
chromosome 1 are quite sharply defined (figs. 2, 6). The chromatic regions 
represent a continuous block of densely staining material on either side of 
the centromere, with a combined mean length of 11.8 microns. The mean 
achromatic lengths of the short and long arms, respectively are 4.6 microns 
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and 34.2 microns, giving a total achromatic length of 38.8 microns. The ratio 
of achromatic length/chromatic length is 3.4. 

At diakinesis, this chromosome can be easily distinguished by its total 
length, and by the long achromatic arm which still maintains its identity, 
although it is much contracted. The only counterpart for this chromosome in 
the complement is chromosome 2, which is characterized by its association 
with the nucleolus (fig. 7). 

The sharp definition of the chromatic and achromatic regions of chromo- 
some 1 at diakinesis facilitates the observation of the positions of chiasmata 
as regards these two regions. The data collected on the basis of these observa- 
tions are given in table 2. In all cases, the double chiasmata recorded were 
definitely double, while the cases which were doubtful were recorded as a 
single chiasma. Therefore, the estimate of total chiasma frequency is a mini- 


Ficure 2.—Diagram of figure 6. Chromosome 1 at pachytene. 


mum. In no case could a chiasma be found in the chromatic regions, although 
at least 116 chiasmata were observed in the achromatic regions. In the latter 
category, chiasmata were distributed throughout the lengths of the achromatic 
regions distal to the chromatic regions. 


The evidence given here and in the previous section confirms and extends 
that presented by previous authors on the apparent lack of chiasma formation 
in the chromatic regions of the chromosomes of the tomato (LEsLey 1937; 
Brown 1949). 

The criticism could be made that observations of chiasmata at prometa- 
phase or diakinesis might be biased due to a rapid terminalization, during di- 
plotene, of those chiasmata which are formed in the chromatic regions. Un- 
fortunately diplotene is not at all favorable material for this type of study in 
the tomato. The same criticism, however, could be applied equally well to 
all previous reports of localized chiasma formation. 
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TABLE 2 


Analysis of chromosome 1 for chiasmata at diakinesis. 

















Achromatic region Chromatic region 
Non- 
Plant number Short Long arm Short Long pwnd 
arm arm arm i 
1 xa 1 xa 2 xta 1 xa 1 xa 
824.17 11 27 11 0 0 1 
824.30 17 25 7 0 0 ne 
Total xta 28 52 36 0 0 116 





Marguarpt (1937) demonstrated that Oenofhera has densely staining 
(heterochromatic) segments adjacent to the centromeres. This differentiation 
is more nearly similar to that of the tomato than in other genera reported to 
date. In early diplotene two, three, or four chiasmata were visible in the eu- 
chromatic segments, while no chiasmata were found in the heterochromatic 
segments. JAPHA (1939) confirmed the latter observation. If terminalization 
occurred here, it must have occurred simultaneously with the opening out at 
diplotene. 

In addition to the tomato and Oenothera, observations on Agapanthus 
(GEITLER 1933) have shown that the pachytene chromosomes are condensed 
in the regions adjacent to the centromere, and that there is no evidence of 
chiasma formation in these proximal regions at diakinesis. DARLINGTON 
(1933), who made the same report of pachytene structure in Agapanthus, 
made no point of any connection between this type of structure and the lack 
of chiasma formation proximally at diakinesis. The latter author does infer 
that chiasmata are terminalized from diplotene to metaphase in this genus, 
accounting for the lack of proximal chiasmata in this way. 

3. Lack of crossing over in the short arm of chromosome 2. Since the 
cytological evidence presented previously might be subject to certain criti- 
cisms brought out above, it was considered desirable to obtain evidence from 
actual crossover data. Cytogenetic studies on the tomato have not included 
placement of the genes on the cytological map, so this approach is not yet 


Ficure 3.—Diagram of figure 8. Synapsis is incomplete in the satellited segment. The 
long and the short satellites are quite distinct. 
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possible. There are, however, differences in length of the satellite on the 
short arm of chromosome 2 in different lines of the tomato which can be used 
to demonstrate whether or not crossing over is reduced in this short chro- 
matic arm. 

In plants bearing one long satellited and one short satellited chromosome 
2, it is possible to determine whether a crossover has been formed on the 
short arm. Lack of crossing over would produce a heteromorphic bivalent at 
prometaphase, since one chromosome would have two chromatids with long 
satellites and one chromosome would have two chromatids with short satel- 
lites. A crossover in the satellited arm would produce a bivalent with chromo- 
somes of equal length, since subsequent terminalization and separation would 
result in both chromosomes having a chromatid with a long satellite and a 
chromatid with a short satellite. 

In order to obtain evidence on this subject, crosses were made between 
a plant having a satellite of intermediate length and one having a long satel- 
lite. The F, was grown for a study of chiasma formation. At pachytene the 
long and short satellites were clearly distinguishable (figs. 3, 8). This dis- 
tinction persisted through diakinesis (fig. 9), and was quite striking at pro- 
metaphase (fig. 10). The synapsis of the short arm is apparently normal to 
the organizer at pachytene, while varying degrees of synapsis were observed 
in the satellited segment. In a total of 263 classifiable prometaphase cells, 
from two plants, no case was found indicating that a cross-over had occurred. 
There is no reason to suspect that 11 non-classifiable cells on these slides 
represented anything more than cases in which clumping made classification 
impossible. 

The evidence presented here establishes that crossing over in the chromatic 
region of the short arm of chromosome 2 must be of rare occurrence, if it 
occurs at all. 


DISCUSSION 


While actual cross-over evidence is limited to only one chromosome, ob- 
servations of chiasmata would indicate that chiasma formation is not a prop- 
erty of the chromatic regions. If this evidence can be extended to include the 
chromatic regions of all of the chromosomes (and there is no obvious reason 
why this cannot be done), then an interesting conclusion is reached. 

On the basis of total length of all the chromosomes at pachytene, 30 percent 
of this length lies within the chromatic regions. Extending the evidence from 
chromosomes 1 and 2, it appears that 30 percent of the chromosomal sub- 
stance is in 12 completely linked segments. By means of this total linkage 
large blocks of hereditary material may be transmitted from generation to 
generation without recombination, within themselves, but instead may be 
subject only to variation through mutation. 

In the absence of evidence concerning the genic nature of the chromatic 
and achromatic regions of the tomato chromosomes, it is not possible to esti- 
mate the full significance of the lack of chiasma formation and crossing over 
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Figure 4.—T2-12. Note the chromatic short arm of chromosome 2 and the very long 
achromatic region on the long arm of this chromosome. See diagram figure 1. 
Figure 5.—Prometaphase of meiosis. The chain of four chromosomes (arrow) is 
T2-12. The lighter staining interstitial segment is the achromatic region of chromosome 2. 
Figure 6.—The long achromatic region of chromosome 1 can be seen throughout its 
length. The chromatic regions are sharply defined. See diagram, figure 2. 
Ficure 7.—Middle diakinesis showing a single chiasma (1) in the achromatic region 
of chromosome 1. In the absence of ‘chiasmata the achromatic regions of the short arms 


became practically indistinguishable. Note the similarity between the nucleolar chromosome 
(2) and chromosome 1 at this stage. 





CHIASMATA IN THE TOMATO 381 


in the chromatic regions. It is hoped that X-ray and ultra-violet studies in 
progress will shed some light on this question. 


SUMMARY 


Chiasmata are localized in the highly differentiated pachytene chromosomes 
of the tomato. 

In a reciprocal translocation between chromosome 2 and chromosome 12, 
no chiasmata were found at prometaphase in the completely chromatic short 
arm of the former chromosome. 

At diakinesis, no chiasmata weré observed in the chromatic regions of 
either the long or the short arms of chromosome 1. 

Using plants heterozygous for long and short satellited nucleolar chromo- 
somes, evidence from a large number of prometaphase cells indicated that no 
crossing over had occurred in the completely chromatic short arm of the 
nucleolar chromosome. 

It is suggested that total linkage within the chromatic regions is a means 
by which large blocks of hereditary material may be transmitted from genera- 
tion to generation without recombination. 
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Ficure 8—The long and short satellites of chromosome 2 in the heterozygote at 
pachytene. See diagram, figure 3. 

Ficure 9.—Diakinesis showing the distinction between the long and short satellited 
chromosomes of the nucleolar bivalent. 

Ficure 10.—Heteromorphic bivalent at prometaphase (arrow). This is the type of 
bivalent formed following non crossing over in the short arm of chromosome 2 in a 
plant heterozygous for a long and short satellite. 


(All text figures are 2000 X) 
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ai June 1947 to December 1948, Hostno stayed at Sanagé, a village 
located about 30 kilometers east of Nagoya, and taught biology in a local 
high school. In the meantime he succeeded in cultivating interest in the 
genetics of the lady-beetle among the students, and he organized a group of 
the students who assisted him in his research works. These boys collected the 
beetles from various plants in the neighborhood. They also learned to classify 
the samples according to the elytral pattern, and to do some breeding experi- 
ments themselves. Thus extensive materials of this beetle were obtained by 
Hos1no and these boys in the springs and early summers in 1948 and 1949. 
In May 1950, both the writers visited the village, and collected the beetles 
from some of the places where the samples had been obtained in the previous 
years. The local map of Sanagé and the vicinity is shown in figure 1. Of these 
places, Area A and Area B are both low hills of the diluvian formation such 
as commonly found in Middle and West Japan. They are covered by the 
common pine-trees, Pinus densiflora, several meters in height, and among 
the undergrowths are shrubs like Eurya japonica, Vaccinium Buergeri, Rho- 
dodendron dilatatum, Juniperus rigida, Smilax china and the fern Pteridium 
aquilinum, Area C is directly continuous to Area B. It is a kind of plateau 
of which the large part is used for the school ground and experimental farm. 
It is planted with fruit trees like peaches, pears and plums, as well as with 
ornamental trees like maples and so on. A part of the ground is used for 
cultivating wheat. The samples of the lady-beetles used for the present study 
were obtained mostly from the plants found in these areas. Area D, E and F 
are all a part of low land scattered with farmers’ houses and surrounded by 
rice fields. A small part of the materials were collected from the plants in 
these areas. 


SAMPLES COLLECTED IN 1948 


Table 1 shows the composition of the samples of the beetles collected in 
1948. The composition shows a marked difference according to the host 
plant. This is especially the case in the relative frequency of the type aryridis, 
as well as in the relative frequency of the type conspicua. While axyridis oc- 
cupies from 27 to 29 percent of the samples from pine trees, it forms only 
from 5 to 10 percent of the samples from the wheat as well as the samples 
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from the fruit trees. Conspicua amounts nearly to 50 percent of the samples 
from the wheat and fruit trees, but it occupies only 24 percent of the samples 


from pine trees, thus: 


Area 


Plant Axyridis % Cons picua % 
A Pine 26.94 24.59 
A Plum 4.71 50.78 
Axyridis Pine - plum 26.94 - 4.71 = 22.23 £2.43 
Conspicua Plum - pine 50.78 — 24.59 = 26.19 + 4.05 
Area Plant Axyridis % Conspicua % 
B,C Pine 28.75 24.18 
& Wheat 10.94 49.26 
e Pear, peach, 10,35 46.27 
maple, etc. 
Anyridis Pine ~ wheat 28.75 - 10.94 = 17.81 £1.17 
Pine — pear, etc. 28.75 - 10.35 = 18.40 + 1.28 
Conspicua Wheat — pine : 49.26 - 24.18 = 25.08 + 1.37 
Pear, etc. - pine 46.27 - 24.18 = 22.09 + 1.62 


Less striking but significant difference may be found in the relative fre- 
quency of succinea, and in the relative frequency of spectabilis among the 
samples collected in Area C, between the samples from the wheat and the 
samples from fruit trees, thus: 


Area Plant Succinea % Spectabilis % 
C Wheat 17.43 22.08 
Cc Pear, peach, 25.49 17.74 
maple, etc. 
Succinea Pear, etc. ~ wheat 25.49 - 17.43 = 8.06 + 1.35 
Spectabilis Wheat - pear, etc. 22.08 - 17.74 = 4.34 +£1.31 


SAMPLES COLLECTED IN 1949 


A similar tendency may be noticed in the samples collected in 1949 also 
(table 2). The samples from different kinds of plants show distinct difference 
in composition which is especially pronounced for the frequency of axyridis. 
This type is relatively far more abundant among the samples from the pine 
trees than among the samples from other plants. As for conspicua, the samples 
from wheat show a higher relative frequency than the samples from pine 
trees. 


Area Plant Axyridis % Conspicua % 
B, C Pine 20.27 30.84 
¢ Wheat 7.28 39.98 
G Pear, etc. 12.64 
% Soy bean 11.80 
Pine - wheat 20.27 - 7.28 = 12.99 20.59 
Axyridis Pine — pear, etc. 20.27 - 12.64 = 7.63 40.76 
Pine - soy bean 20.27 - 11.80 = 8.47 + 1.34 
Conspicua Wheat — pine 39.98 - 30.84 = 9.14 + 0.83 
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TABLE 1 


The composition of the samples of the beetle collected in 1948 at Sanage 
and its neighborhood. 








Area Host plant Succinea Axyridis Spectabilis Conspicua = Total 

B, C Pine 387 604 591 508 11 2101 
(18.42%) (28.75%) (28.13%) (24.18%) (0.52%) (100.00%) 

A Pine 99 149 162 136 Z 553 
(17.90%) (26.94%) (29.29%) (24.59%) (1.27%) (99.99%) 

Cc Wheat 438 275 555 1238 7 2513 
(17.43%) (10.94%) (22.08%) (49.26%) (0.28%) (99.99%) 

A Plum 69 9 16 97 0 191 
(36.13%) (4.71%) (8.38%) (50.78%) (0.00%) (100.00%) 

c Pear, peach, 362 147 252 657 2 1420 
maple (25.49%) (10.35%) (17.74%) (46.27%) (0.14%) (99.99%) 

D Bamboo 24 16 16 38 1 95 


(25.26%) (16.84%) (16.84%) (40.00%) (1.05%) (99.99%) 





SAMPLES COLLECTED IN 1950 


The samples collected in May 1950 by the writers assisted by some of 
Hos1no’s former pupils, as well as by the teachers in the school, are much 
smaller than those in the previous years. Still, they distinctly show the same 
tendency as the samples of the previous years (table 3). The samples from 
pine trees contain relatively more axyridis and less conspicua than the sam- 
ples from the wheat. Also, the former includes relatively more spectabilis 
than the latter, thus: 


Area Plant Axyridis % Spectabilis % Conspicua % 
Cc Pine 36.51 41.27 14.29 
> Wheat 8.70 13.77 60.14 
Axyridis Pine - wheat 36.51 - 8.70 = 27.8 


1 +6.5 
Spectabilis Pine - wheat 41.27 — 13.77 = 27.50 +6.9 
Conspicua Wheat - pine 60.14 - 14.29 = 45.85 +6.1 


CHANGES IN COMPOSITION FROM YEAR TO YEAR 


In looking over tables 1 to 3, we notice some changes in composition of 
the population of the beetle from year to year. This is especially the case 
with the populations inhabiting pine trees: Thus, the relative frequency of 
axyridis was 28.41 percent in 1948, it decreased in 1949 to about 20 percent, 
and increased again in 1950 to nearly 33 percent. The relative frequency of 
spectabilis remained nearly the same in 1948 (ca. 28.3 percent) and in 1949 
(ca. 25.6 percent), but’ it increased significantly in 1950 to 44 percent. The 
relative frequency of conspicua was nearly 24 percent in 1948, and it increased 
to about 31 percent in 1949, and decreased in 1950 to 12 percent. The rela- 


1 The figures given in this chapter are the averages of all the corresponding values 
for each kind of plant. 
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Figure 1.—Local map of Sanagé and the neighborhood. S—Sanagé Agricultural 
High School. 


tive frequency of succinea increased from 18 percent in 1948 to 23 percent 
in 1949, and decreased again to about 11 percent in 1950. Similar changes 
may be found in the population inhabiting the wheat also, for instance, in the 
relative frequency of spectabilis. These changes are graphically shown in 
figure 2. 


VARIATION IN THE FREQUENCY OF ELYTRAL RIDGE 


As indicated in our last paper (1950), some individuals of this beetle are 
provided with a transverse ridge near the distal end of the elytra. The pres- 
ence or absence of this ridge is due to a single set of Mendelian genes, the 
gene for its presence being dominant to the gene for its absence. The fre- 
quency of this ridge is geographically variable. The frequency among the 
beetles found in the neighborhood of Sanagé shows a significant difference 
according to the host plants (table 3). Among the materials obtained in 1950, 
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TABLE 2 


The composition of the samples of the beetle collected in 1949 at Sanage 
and its neighborhood. 








Area Host plant Succinea Axyridis Spectabilis Conspicua a Total 

B, C Pine 1506 1322 1669 2012 14 6523 
(23.09%) (20.27%) (25.59%) (30.84%) (0.21%) (100.00%) 

Cc Wheat 1596 492 1936 2702 32 6758 
(23.62%) (7.28%) (28.65%) (39.98%) (0.47%) (99.99%) 

¢ Pear, peach, 959 419 883 1048 6 3315 
maple (28.93%) (12.64%) (26.63%) (31.61%) (0.18%) (99.99%) 

¢ Soy bean 159 79 206 223 3 670 
(23.73%) (11.80%) (30.75%) (33.28%) (0.45%) (100.01%) 

E Wheat 26 11 38 42 0 117 
(22.22%) (9.40%) (32.48%) (35.90%) (0.00%) (100.00%) 

F Maple, 19 6 7 64 0 96 


Hibiscus (19.79%) (6.25%) (7.29%) (66.67%) (0.00%) (100.00%) 





those from the wheat show a much higher frequency of the individuals pro- 
vided with the ridge than the materials from pine trees. While in the former 
the individuals provided with the ridge are from 36 to 43 percent of the 
whole, they form only from 3.7 to 6.4 percent of the latter.. Designated by the 
relative frequency of the recessive gene for the absence of this ridge, the 
frequency amounts to more than 97 percent of the population on pine trees, 
it is only about 80 percent of the population on the wheat. The samples of 
1948 and 1949 were mixed up, without the frequency of the elytral ridge 
being examined. 


DISCUSSION 
First of all, it seems clear from what is given above that the population of 


this beetle inhabiting pine trees shows a significant difference from the popu- 


TABLE 3 


The composition of the samples of the beetle collected in 1950 at Sanage 
and its neighborhood. 








Area Host plant Succinea Axyridis Spectabilis Conspicua Elytral Total 
: ridget 

Cc Pine 2, 23 26 9 4 63 
(7.93%) (36.51%) (41.27%) (14.29%) (6.35%) (100.00%) 

A Pine 30 78 110 28 9 246 
(12.20%) (31.71%) (44.71% (11.38%) (3.66%) (100.00%) 

Cc Wheat 24 12 19 83 59 138 
(17.39%) (8.70%) (13.77%) (60.14%) (42.75%) (100.00%) 

F Wheat 7 5 7 37 20 56 


(12.50%) (8.93%) (12.50%) (66.07%) (35.71%) (100.00%) 
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Figure 2.—Diagram showing the relative frequency of the elytral pattern types among 
the samples collected from pine trees and wheat: cross-hatched—succinea, stippled— 
axyridis, hatched—spectabilis, white—conspicua, black (at the end)—other types. 


lations found on other plants, wheat and fruit trees. These two populations 
appear as if they were two distinct local populations geographically very 
apart from each other. This difference is entirely due to the peculiarity found 
in the population on pine trees. The populations on other plants, on the con- 
trary, are almost identical in composition with the populations in the neigh- 
boring localities. For the sake of comparison, the composition of the samples 
from Nagoya, Terazu, Gihu and Nakatugawa which are all located within 
100 kilometers in diametrical distance from Sanagé, is shown below (cf. 
Komal, Cuno and Hosino 1950) : 


Locality Succinea% Axyridis% Spectabilis% Conspicua% Ridge % 
Nakatugawa 21.9 4.0 16.0 58.0 42.5 
Gihu 19.0 4.8 11.7 64.4 41.6 
Nagoya 26.0 6.7 9.6 57.8 36.3 
Terazu 29.8 3.1 15.3 51.9 eee 
Sanagé (Wheat) 16.0 8.8 13.4 61.9 40.7 

(Pine) 11.3 32.7 44.0 12.0 4.2 
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In this table the samples taken in 1950 are shown as the representative of 
the populations in Sanagé, the samples of the previous years being much 
similar to these samples of 1950. It is clear that, of the samples from Sanagé, 
the one from the wheat resembles in composition the samples from the neigh- 
boring localities, whereas the sample from pine trees is entirely different. The 
peculiarity of the sample from pine trees is so striking that no sample of this 
beetle from anywhere else thus far examined, has a similar composition. As 
pointed out in our previous paper (1950), the relative frequency of axyridis 
is never as high'as 10 percent in Japan. So the pine tree population which 
contains more than 30 percent aryridis is quite unique. 

Of the elytral ridge, it is present in almost all the beetles collected from 
the ‘Continent and Hokkaido; its frequency is nearly 50 percent among the 
samples from the localities in the northeastern half of Honshi, and the fre- 
quency decreases south-westward on Honshi, Sikoku and Kyishi, but 
always remaining higher than 10 percent, except in K6ti in Sikoku, where 
the frequency is 8 percent (Koma1, Cu1No and Hosrtno 1950). In the pine- 
tree sample from Sanagé, however, the frequency is only 4.2 percent. So in 
this respect also this sample is very peculiar. Thus, the population of this 
beetle living on the pine trees in Sanagé apparently forms an “island” in 
the whole range of the distribution of this beetle. Undoubtedly, there must 
have been some powerful isolating mechanism to bring about such a situation. 
It is beyond question that this isolate is not due to the presence of some 
barrier which might hinder the distribution of this beetle, since the host 
plants of different kinds grow quite close to one another. It is also unlikely 
that this isolate has developed through the agency of selection, as there seems 
to be no adaptive significance for the difference in the elytral pattern or for 
the presence or absence of the elytral ridge. However, the difference in the 
kind of aphids the beetle feeds on, may somehow come into question. The 
writers collected in May 1950 from the pine trees and wheat some aphids 
which were identified by Dr. R. TAKAHASHI as follows: from pine trees: 
Cinara pineti Koch, C. pinidensiflorae Essig et Kuwana, C. formosana Taka- 
hashi; from wheat: Rhopalosiphum prunifoliae Fitch. 

No aphid was collected from fruit trees; undoubtedly, these trees harbored 
aphids different from those on the pine trees or on wheat. It is also conceiva- 
ble that ecological conditions other than food aphids peculiar to each kind of 
plant may have played some role in developing special lady-beetle fauna. 

Descriptions of such cases of small isolates found in insects seem to be 
rather rare in the literature. A case very much similar to the present one is 
recorded by DopzHansky (1941). He examined in the neighborhood of Kiev 
several dozen colonies of another kind of variable lady-beetle, Sospita viginti- 
guttata, which has two distinct color types, black and yellow. Most of the 
colonies “ contained black and yellow specimens in ratios approaching equal- 
ity. One colony contained, however, only blacks and another colony only 
yellows. This condition persisted for at least three consecutive years” (p. 
175). Our colleague Dr. M. Cu1INo remembers that he noticed once about 
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thirty-five years ago in his home in Suwa, Nagano Pref., that, of the three 
pattern types of Propylaea japonicu, another variable lady-beetle common in 
Japan, the intermediate type (P. japonica proper) and the whitish type, P. j. 
inaequalis, were commonly found in vegetable gardens, while the melanic 
type occurred in abundance on plum trees. According to Miyazawa and ITo’s 
breeding records on this species (1921), these three color types are un- 
doubtedly due to triple-allelic genes, though these authors do not realize this. 
CHINO’s observation is, however, only a casual one, and no record is pre- 
served. In the well-known chrysomelid, Gonioctena (Phytodecta) variabilis, 
occurring in Spain, Bateson (1895) noticed the existence of microgeo- 
graphic variation in the relative frequency of the different pattern-type indi- 
viduals. He found in the vicinity of Granada rather considerable differences 
in composition even between the populations of adjacent hill and valley. Ten 
years later, DoNcASTER (1905) visited the same place, and found nearly the 
same ratio among these pattern types. These types were later demonstrated 
by ZuLuETA (1925, 1929) to be due to multiple-allelic genes. These observa- 
tions indicate the possibility of the formation of an isolate of a small scale 
even for insects distributed over a very wide area. The question remains, 
however, as to whether this kind of variation is to be called “ microgeo- 
graphic” or “ ecological.” 


SUMMARY 


1. In this paper the samples of the lady-beetle, Harmonia axyridis, ob- 
tained from the neighborhood of Sanagé, a village located about 30 kilometers 
east of Nagoya, are dealt with. 

2. Of the materials obtained from this locality, the samples collected from 
different kinds of plants show a considerable difference in composition among 
them. The samples from pine trees contain relatively very many axyridis 
and few conspicua, as compared with the samples from wheat or the samples 
from fruit trees. This condition was seen similarly in the collections of the 
three consecutive years, 1948, 1949 and 1950. 

3. The samples from pine trees are also characterized by relatively low 
frequency of the individuals provided with the elytral ridge as compared with 
the samples from the wheat or fruit trees. 

4. These facts indicate the presence of a small isolate in the range of dis- 
tribution of this beetle, which perhaps has developed in some relation to the 
kinds of aphids the beetles feed on. 
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HE axial skeleton of the house mouse is composed in part of various 

combinations of 12, 13, or 14 thoracic (i.e., rib-bearing) and 5, 6, or 7 
lumbar vertebrae. Only the 12/5 and 14/7 combinations have not been ob- 
served. Inbred strains of mice differ with respect to the incidence of the 
various skeletal types. The 13/6 type occurs in about 98 percent of the mice 
in the C57blk strain. The 14/5 type occurs in about 50 percent of the mice 
of the BalbC strain, the remaining 50 percent being 13/6, 14/6, and some 
other types. 

The variations in skeletal type invite the study of two problems. The first 
is an analysis of the cause or causes of variations within a highly inbred 
strain or within the F, between two inbred strains. Such variations must be 
non-genetic, or at least this appears to be so in the BalbC strain except for 
a sex difference (GREEN 1941). The second problem is an analysis of the 
basis for the differences between highly inbred strains. Such differences are 
presumably genetic, but the kind and number of genes are not known. This 
paper deals with the second problem. On the basis of the results of matings 
between the BalbC and C57blk strains, it was found that with some simplify- 
ing assumptions at least three pairs of genes are needed to account for the 
differences in skeletal type. These pairs of genes appear to assort inde- 
pendently of the A/a (non-agouti) and C/c (albino) loci, but may be linked 
with the B/b (brown) locus. 


PLAN OF EXPERIMENT AND DESCRIPTION OF STRAINS 


Mating plan. In matings the strain or type of the sire will be given first, 
as (BalbC x C57) means BalbC ¢ mated with a C57blk @. For easier nota- 
tion, C57 will stand for C57blk. 

Matings were made reciprocally between the two strains, there being 4 
BalbC sires and 9 C57 dams in matings of the type (BalbC x C57) and 6 C57 
sires and 15 BalbC dams in matings of the type (C57 x BalbC). The BalbC 
sires were brothers of the BalbC dams, and the C57 sires were brothers of the 
C57 dams. From the (BalbC x C57) mating, 9 male and 43 female offspring 
in 9 litters were raised to produce an F2 and two backcross generations. From 
the (C57 x BalbC) mating, 5 male and 33 female offspring in 9 litters were 
raised to produce another F2 and two backcross generations. The backcrosses 


* Part of the cost of the accompanying tables is paid by the GALTON AND MENDEL 
MEMorRIAL FUND. 
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were in each case produced by mating F,; females to their own fathers or to 
their uncles, with the exception that ‘three C57 sires had to be replaced by 
C57 sons in the latter part of the experiment. An effort was made to mate 
each F, female to her brother, her father, and her uricle in random rotation 
through 6 matings. This was accomplished in general, but there were several 
exceptions caused by the death of one of the appropriate mates prior to com- 
pleting the mating tour. 

The matings may be summarized as: 

To produce P,;: (C57 x C57), 

To producé P2: (BalbC x BalbC), 

To produce F,: (BalbC x C57) and (C57 x BalbC), 

To produce F;: (BalbC x C57) x (BalbC x C57) and (C57 x BalbC) x (C57 x 
BalbC), 

To produce B;: (C57 x (BalbC x C57) ) and (C57 x (C57 x BalbC) ), 

To produce Bz: (BalbC x (BalbC x C57) ) and (BalbC x (C57 x BalbC) ). 

Duration of experiment. The matings were in progress over a period of 17 
months, from May of one year to November of the following year. Records 
on the BalbC and C57 strains, the F,, Fo, Bi, and Be were taken continu- 
ously during this time with the exceptions that the first segregating litters 
(F2, B;, Bz) appeared in March of the second year, and that some litters of 
both pure strains born prior to this time were used to increase the sample 
sizes. Upon test, it appeared that no heterogeneity was being introduced into 
the records by doing so. 

The BalbC strain. The BalbC mice used in matings with the C57 mice were 
in the 49th to 52nd generation of brother x sister inbreeding and were all 
descended from a single pair in the 45th generation. This is a group desig- 
nated as BalbC, subline 31, in the On10 STATE UNIvERsiTy colony. It is de- 
rived from a single pair obtained from the Jackson MEMorRIAL LABORATORY 
in 1937. In previous publications, this strain has been referred to as Bagg 
albino (GREEN 1941, GREEN and GREEN 1946). Following the usage in 
Mouse Genetics News No. 2 (LAw 1948), the strain is designated BalbC. 

The BalbC mice used for comparison with the C57 mice and their hybrids 
consisted of 67 litters in the 49th to 55th generation of inbreeding. In this 
sample, which contained 426 mice, 11 percent were 13/6 in skeletal type, 54 
percent 14/5, 18 percent 14/6, and 17 percent were of other types (table 1). 

The C57blk strain. The C57 mice used in matings with the BalbC mice 
were in the 33rd to 35th generation of brother x sister inbreeding and were 
all descended from a single pair in the 30th generation of C57blk, subline 4, 
obtained from the JAcKsoN MeEmoriAL Laporatory in 1942, 

The C57 mice used for comparison with the BalbC mice and their hybrids 
consisted of 77 litters in the 31st to 36th generation of inbreeding. Of 463 
mice in the sample, about 98 percent were 13/6 in skeletal type (table 1). 

Skeletal type. The axial skeleton of the house mouse consists of 7 cervical, 
12 to 14 thoracic, 5 to 7 lumbar vertebrae, and 30 to 35 sacral and caudal 
vertebrae combined. The number of vertebrae between the cranium and the 
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TABLE 1 


Percentage distributions of skeletal types in strains, hybrids, and segregating 
generations in mating of BalbC x C57blk. Skeletal type is given as the ratio of 
thoracic to lumbar vertebrae. A; and Az indicate two types of asymmetry at the 
lumbosacral border. 





Presacral vertebrae and skeletal types 





























Mating 
ee 25 Ai 26 A2 27 Other Number 
_ _ 13/5 13/§ 13/$ 13/6 14/5 14/§ 14/§ 14/6 
Cian @ te ts it Re OS ee 262 
(77 Nitcers) Qos OS one DS iene oeeaatd. nee 201 
™ GA 12 06 WS 463 
Pg BalbC xBalbC dd. 1. - 14.9 56.2 7.2 93 113 1.06 194 
(67 litters) Bn chic suing \eags 7.8 52.2 6.0 10.3 23.7 ou 232 
Tot. 11.0 54.0 6.6 9.9 18.1 0.4 426 
a a re a aera ea oe 
(67 litters, 99 TS ar ee ee wie Sella “aa itis 249 
wi Tot. 99.8 0.2 522 
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CAA eM se Soo css as, SOR tse, he ee bis 176 
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(BalbC x C57) 9% 0.3 95.3 3.3 0.3 0.3 0.3 0.3? 362 
ey Cole) tx. 04 95.9 3.0 0.1 0.1 0.3 0.1 736 
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(C57 x BalbC) QQ wns were eee 70.5 20.7 2.1 2.6 4.1 --» 193 
(44 litters) roe, 69.9 20.3 2.5 28 3.9 06 359 
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sacrum (presacral vertebrae = psv) has been observed to vary from 25 to 27, 
inclusive. 

At the thoraco-lumbar border, the last thoracic vertebra may bear small, 
intermediate, or large sized ribs on either or both sides. A fully developed 
last rib is given the grade of 4. Incompletely developed ribs are graded as 
3, 2, or 1. By combining the grades for right and left ribs, the amount or 
grade of rib borne by the last thoracic vertebra varies on a scale from 1 to 8. 
This scaling neglects asymmetries which frequently occur. A mouse may have 
13 ribs on one side and 14 ribs on the other, with the last rib completely or 
incompletely developed. In the tables, a mouse is classified as having 14 ribs 
if it has any evidence of a fourteenth rib, irrespective of degree of develop- 
ment. In BalbC, 11.5 percent of the mice had 13 pairs of ribs, the last pair 
always completely developed; 27 percent had 14 pairs in grades 1 to 4; 62 
percent had 14 pairs in grades 5 to 8. In C57, all mice had 13 pairs of ribs, 
the last pair being completely developed in 74 percent. 

At the lumbo-sacral border, an asymmetrical vertebra may occur such that 
if viewed from one side it appears to be a lumbar vertebra, if viewed from the 
other it appears to be a sacral vertebra. The notation 13/¢° in the tables refers 
to mice with 13 pairs of ribs and 5 lumbar vertebrae if viewed from the right 
and 6 lumbar vertebrae if viewed from the /Jeft. The notations 13/;°, 14/¢5, 
14/5® may be interpreted similarly. 

The skeletal type, except for breeding stock, was observed when the mice 
were 8 to 10 days of age, after which the type does not change. All skeletons 
were prepared and stained with alizarin by a modification of the method of 
CuMLEy, Crow and GriFrFin (1939). 


SKELETAL TYPES IN STRAINS AND HYBRIDS 


The distributions of skeletal types in P;, Po, Fi, Fe, Bi, and Bz from the 
matings of BalbC and C57 are shown in table 1. The mice in F, are much 
more uniform in skeletal type than either of the parental strains. Only one 
male in a total of 891 in the two F, generations combined showed any de- 
parture from 13/6. This one male had a fourteenth rib of the lowest possible 
grade of expression on one side only. 

The Fy, generations are similar to each other. Combined they consist chiefly 
of 13/6, but also contain some intermediate and extreme types from 13/5 
to 14/6. 

The two backcrosses to the BalbC strain are somewhat dissimilar, but each 
varies from 13/6 to 14/6 in skeletal type. In contrast, the mice produced in 
backcrosses to the C57 strain vary from 13/5 to 13/6, with the exception of 
one 14/6 male in C57 x (C57 x BalbC). 

Sex. In the BalbC strain, extra thoracic and lumbar vertebrae occur sig- 
nificantly more often in females than in males. A similar tendency appears in 
almost all segregating generations, but not to such a marked degree. 

Asymmetry. There are four asymmetrical skeletal types, 13/¢°, 13/5°, 14/65, 
14/,°. Of the first two types, 13/65 appears about twice as often as 13/;°. 
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Of the last two types, there is a tendency for 14/,° to appear less often than 
14/;®. These tendencies are noted because similar and sometimes more defi- 
nite inequalities have appeared in other strains (GREEN 1941) and crosses 
not recorded here. 

Correlation between rib-number and psv-number. The number of ribs and 
of presacral vertebrae tend to increase and decrease together as may be seen 
in strain BalbC, Fo, and Bz where variations in both occur. The evidence is 
summarized in table 2. This is, of course, a “ part-with-whole” correlation, 
since the presacral vertebrae include the thoracic vertebrae. 


NUMBER OF PRESACRAL VERTEBRAE 


As a convenience, the variation at the lumbo-sacral border may be analyzed 
separately from the variation at the thoraco-lumbar border, neglecting thereby 
the correlation between the number of presacral vertebrae and the number 
of ribs. 

TABLE 2 


Two-way distribution of number of presacral vertebrae (psv) and number of pairs 
of ribs in BalbC strain, F,, and B, 14L = 14 ribs in low grades of expression, 
1-4, 14H = 14 ribs in high grades of expression, 5-8 Ay = 13/§ and 13/$. 
A, = 14/3 and 14/§. Sexes combined. 





In P,: BalbC In F, combined In B, combined 








psv 13 14L 14H _ psv 13. 14L 14H psv 13 £14L_ 14H 





26 47 94 136 25-A, 4 0 0 26 #732 #4124 « 39 
A, ; vs Ss 1195 33 6 A, —_ 
27 0 3 74 A,27 3 5 e 2 2 7) Ss 





Two deductions are possible by inspection of the variation in psv-number 
in table 1. First, there is considerable non-genetic variation within the pure 
strains and presumably also in the cross-bred generations. Second, despite the 
non-genetic variation, there are clearly some genetic causes of variation, 
since each backcross generation tends to resemble the parent strain used in 
the backcross and since the F2 spreads out over a wider range of psv-numbers 
than the F; or either parent strain. The problem is to discover the nature of 
the genetic variation. Specifically, these questions should be answered: (1) 
are there one or several gene pairs, (2) is there dominance between. alleles, 
(3) is there epistasis between non-alleles, (4) is there potence of the set of 
genes in one strain relative to the set in the other, (5) is there linkage be- 
tween the “ skeletal” genes and other known genes and between the “ skele- 
tal’ genes themselves. Not all parts of this problem can be answered with the 
present data, partly because the skeletal type is neither clearly a discrete nor 
clearly a continuous measured variable and partly because not all of the re- 
quired segregating generations were produced. With some assumptions and 
restrictions to be noted, the questions that may be answered, at least in part, 
are (1) how many pairs of genes are responsible for the differences between 
the BalbC and C57 strains, (2) is dominance apparent on a scale which mini- 
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mizes factor interaction, (3) what is the potence of the gene sets in the 
strains, and (4) what linkages, if any, are present between the “ skeletal ” 
genes and the coat color genes A/a, B/b, C/c. 

Threshold concept. Attempts to explain the genetic differences between the 
strains by the assumption of one or two pairs of genes, acting with or without 
dominance, seem to be unpromising because no familiar segregation ratios 
can be recognized in the backcross and F»2 generations. The non-genetic varia- 
tion modifies or obscures the differences between genotypes. 

It seems reasonable to assume that mice of the same genotype, as in the 
BalbC or C57 strain, may have 25 or 26, or 26 or 27 presacral vertebrae, de- 
pending upon the interaction of a large number of non-genetic factors, each 
with a small effect upon skeletal type. If further the effects are additive and 
uncorrelated, the entire array of factor combinations will yield a distribution 
like the normal curve of variation. According to this view, at some point the 
combination of “ plus” effects is sufficient to produce 27 psv. A somewhat 
smaller number of “ plus” effects may produce only 26 psv. A still smaller 
number of “ plus” effects may produce only 25 psv. The asymmetrical types, 
A; and As, may be regarded as the consequence of intermediate grades of 
factor combinations. Thus it is possible to suppose that four thresholds, T, U, 
V, W are distributed along the scale of factor effects such that 5 psv-types 
result : 


am UTC A!) hlUCCLCUlUleehU lee: Oe OF 


If, in addition to the non-genetic factors, the genetic factors are numerous 
and have small, additive and uncorrelated effects upon skeletal type, they may 
be considered as acting upon the same scale as the non-genetic factors. In the 
BalbC and C57 strains and in the F,, only the non-genetic factors operate in 
causing the observable variation. In the F2 and backcross generations, the 
non-genetic factors are reinforced by the genetic factors to increase the 
variation... 

These suppositions lead, as a first approximation, to the view that each 
strain and each crossbred generation is characterized by a frequency distri- 
bution of factor combinations which determine skeletal type. Each distribu- 
tion, assumed to be normal in form, may be uniquely specified by a mean and 
a variance. The location of the mean of a generation is determined by the 
combination of, first, the residual genetic constitution common to all mice 
and, second, the number of effective genetic “ skeletal” factors present in the 
generation. The magnitude of the variance about the mean is determined by 
the non-genetic factors only in the case of pure strains and F,, and by the 
compound of non-genetic and segregating genetic factors in the case of segre- 
gating generations. 

Means and variances. The computation of numerical values of the mean and 
variance for each distribution is complicated by the fact that the scale values 
are unknown. All that is known is the proportion of the distribution that lies 
above or below a particular scale value or threshold. WricuHt (1934) has 
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shown in a similar case that when a distribution is cut by two thresholds it 
is possible to estimate the mean and variance from the proportions below, 
between, and above the thresholds. 

The method consists of finding the standard normal deviates correspond- 
ing to the fractions of the curve below the first and below the second thresh- 
olds. If c is the threshold difference in “ standard deviation units,” the dis- 
tribution may be transformed to a scale of “ threshold units ” by dividing all 
values by c, thus transforming the mean and variance to a scale of “ thres- 
hold units.” The percentages required for the computations are given for each 
generation in table 3, where it may be seen, for example, that 65.0 percent of 
P2 (= BalbC) is below the V-threshold and 81.9 (=65.0+ 16.9) percent is 
below the W-threshold. 

The computation of the mean and variance for P2 may be illustrated with 
the aid of figure 1. Further details about the method may be found in WricHT 
(1934). Let ty and tw be standard normal deviates such that 


ty t, 
P, -{ f(t)dt and P, -| f(t)de, 


where f(t) = exp (-t?/2)/\/2z, the frequency function of the standard nor- 
mal curve. From a table of cumulative areas of the standard normal curve for 
which the mean m;=0 and the standard deviation o,=1, it may easily be 
found that ty = 0.386 and tw =0.912, corresponding to py = 0.650 and pw = 
0.819. Therefore tw — ty = 0.526 “‘ standard deviation units.” We may now de- 
fine a new variable y such that y = (t—ty)/(tw-—ty). On the scale of y, the 
difference yw-—yy=1 becomes the unit of measurement; it may be called a 
“threshold unit.” The origin is at the V-threshold (yy =0) and the standard 
deviation on the y-scale becomes sy = o;/(tw -—ty) = 1.901 “threshold units.” 
Other corresponding points are: 


t: t, = 0.386 t, = 0.912 m = 0 o, =1 
yy, =0 y,=1 ¥ =-0.734 ss, =1.901 

Instead of using the V-threshold as origin, it will be slightly more con- 
venient to avoid negative signs for the means of P;, Po, ... , Be by using 
the U-threshold as origin. By using the F2 generation, the only one with mice 
below U and above V, it was found that yy—yy = 16.199 “ threshold units.” 
The final change of scale is therefore to x= y+ (yy-—yu). The same unit of 
measurement is preserved and the standard deviation is the same, sx = Sy. 
Only the origin is changed from the V- to the U-threshold. Some corre- 
sponding points are: 


y,= 0 y,= -16.199 y = —0.734 °,* 1.901 
x 


x 16.199 x, = 0 = 15.465 s,= 1.901 


v 
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Two procedures. At this point two procedures appear for computing the 
means and variances of the distributions of this experiment. If x is the vari- 
able which represents scale value, then xy, xy, Xy, and xw may represent the 
scale values corresponding to the threshold T, U, V, and W. Also, if s, is 
the standard deviation of any distribution on a scale of x, then sy; and sxe 
may represent the standard deviations of P; and Pz: respectively. 


Threshold V WwW 
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Ficure 1. Diagram of transformation of percentage occurrence to standard deviates 
and to threshold units with origin at xv. Case illustrated is for BalbC strain. 


The first procedure consists of choosing the threshold intervals (xy -xr = 
Xw-—xXy=1) as equal and of using this common difference as the unit of 
measurement. The means and standard deviations of P;, Po,. . . , Be (with 
the exception of F, which passes no threshold) may then be computed with 
this unit as outlined above. With this procedure the standard deviation of P; 
and Pe are sx; = 1.67 and sx2 = 1.90 units. The second procedure consists of 
choosing one of the threshold intervals, say xw-—xXy, as the unit and of ar- 
bitrarily making sx; = sx2. Since sx2 may be estimated with greater accuracy 
than s,,; because of the larger percentages below V and above W in Pe, we 
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may take sy; =Sx2=1.90. With this procedure xy—xr=1.14 “ threshold 
units,” or 1.14 times greater than xw-— xy. 

There is no clear a priori choice between these two procedures. A choice 
between them may be based upon the service the selected scale renders in 
aiding in the analysis of the genetic differences between the pure strains. As 
MaTHER (1949) has stated, an adequate scale should fulfill two criteria. It 
should be a ‘scale on which genic effects are additive and on which the mag- 
nitude of non-genetic effects is uncorrelated with the genotype. Fulfillment 
of the first criterion (additive genic effects) may, be tested by examining the 
spacing of the means of the various generations along the scale. Fulfillment 
of the second criterion (independence of genetic and non-genetic effects) may 
be tested by examining the variances of the non-segregating generations. The 
first procedure for computing means and variances in “threshold units” 
amounts to accepting a correlation between the means and variances of P, 
and Ps. The second procedure amounts to forcing fulfillment of the second 
criterion by making the variances of P; and P2 equal. However, it is obvious 
that a scale which is forced to have equal parental variances is not by that 
fact alone an adequate scale. The choice between the procedures may therefore 
rest upon their relative fulfillment of the first criterion of additivity. 

The means and standard deviations of each generation with xw-— xy =1 
as the scale unit and with the U-threshold as origin are given in table 3 for 
both methods of computation. 

Tests of the scale. MATHER (1949) has given several statistics which may 
be used for testing the adequacy of a scale of measurement with respect to 
additivity when F,, Fs, Bi, and Bz generations are available in a cross be- 
tween two pure lines. In the absence of a direct empirical estimate of the F, 
mean, the only tests available are those which use the means of Fe, B,, and 
Bz. On an adequate scale the following equations will hold: 


n,.* Alm, , si m,,) 
n,, = Am, , +m,,)= Mm, 2 + A(m,, —m,,) 
m,, ) 


m,, = A(m,, + m,,) = m,, — Alm, , — Mp, 


where m is the theoretical mean of the generation designated in the subscript. 
The second and third equations depend upon the further theoretical relation- 
ships: my = 4(mp;+ Mp2), and mye = 4%4(my+mMp,), where M denotes the 
mid-parent. 

The significance of departures from the theoretical equalities may be tested 
by computing the deviations D, and their sampling variances s,? from: 


ae _ ans : ™ 
D, = 2%, %51 — %2? sj = 4se,.t Sat x82’ 
-_ -_ - = 2 2 2 2 2 
D, = 4x, ,— 4%, ,— 91 + Xo,» s, = 16s}, + 16s5,,+ SZ,,+ Sz 2 
_ -_- 2 2 2 2 2 
D, = 4542 — 4%, 2 + Xp1 ~ Xa» s, = 16sz,, + 16s>,,+ Sees + Sze 2» 


where X and s;* are the computed mean and the computed sampling variance 
of the mean, respectively, for the generation designated in the subscript. The 
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sampling variances of the means s;* have been computed by a method (out- 
lined in the next section) which yields underestimates of the true values. The 
results of the three tests of an adequate scale for the two methods of com- 
puting means and variances are: 


D, + s, D, +s, D, + s, 
Method 1: 0.74 + 0.30 —2.06 + 0.75 —0.92 + 0.69 
Method 2: 0.03 + 0.31 0.33 + 0.82 —0.45 + 0.69 


It appears that method 2 has a slight superiority over method 1 for providing 
an adequate scale for measuring factor combinations, but the evidence is by 
no means overwhelming. Because the computed variances of the means are 
likely to be underestimates of the true variances, both methods probably 
satisfy the criterion of additive genic effects. 

The use of method 2 leads to a picture of the distributions of the pure 
lines and of the segregating generations such as that in figure 2. The location 
of the mid-parent M is found from Xy = %(Xp1+Xp2) and of the F, from 
Xr = Xm — 2(Xu —Xr2) = 2Xpe2 — Xm. 

Variance of a mean. The sampling variance of a standard normal deviate 
t is given by FisHer (1937) as s,? = s,?(dt/dp)? = p(1—p)/nz?, where p is 
the area under the curve to the left of the ordinate z at deviate t and where 
dp = zdt. For the mean of a standard normal distribution t=0, p= ™%, and 
z= 0.3989. Therefore, s;? = 4nz? = 1.5708/n. If a change in scale is made 
such that x = (t —to)/(t2—t,) and if the normal deviates to, ti, te are taken 
as constants corresponding to the locations of the U, V, W thresholds, then 


si = si:(dx/dt) = 1.5708/n(t, — t,)*. 


For strain BalbC (= Ps) of which 426 (=n) mice were examined, 65 per- 
cent below threshold V gives t, = 0.386, and 81.9 percent below threshold W 
gives te =0.912. Thus sxp2? = 0.0133 upon substitution. In a similar manner 
the variances of the means of P;, F2, By, and Bz may be found. 

This formula for the variance of a mean is far from satisfactory since it 
will always give an underestimate of the true variance. This is a consequence 
of regarding to, t;, tg as fixed points when in fact they are empirically esti- 
mated and so subject to sampling error. Particularly in this experiment, since 
the interval t;-—to is estimable only from the F»2 generation, which con- 
tained very small proportions below the U threshold and above the V thresh- 
old, the error is likely to be quite serious. If the errors in to, t, t1, and tg are 
propagated into the error of x, the sampling variance of the mean would take 
the form 

2 _ 2 ,9X yp. x (dx )(dx 
=" 4 (Fe, "5 t +2 j Fey Ge, MeFi, 
where 





feat, = vp,(1 - P;)/p,(1 — p;) 

















402 EARL L. GREEN 


is the correlation coefficient of t; with t;. For Ps, this formula gives szp2” = 
0.1082, or about an 8-fold increase in the sampling variance of the mean. 
For F2, the formula gives sz? = 12.3168, or a variance of the mean which is 
about 1.2 times larger than the variance of the F2 geneération! It is apparent, 
therefore, that the locations of the pure and segregating generations relative 
to the thresholds T, U, V, W effectively prevent reliable estimations of the 
sampling variances of the means. 

Potence. WiGAN (1944) has used the term “ potence” to refer to the 
relative strength of the two sets of genes, one in each pure strain, in causing 
the F, generation to deviate from the mid-parent. “ Potence” has the same 


Number of presacral vertebrae 
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Ficure 2. Distributions of the pure strains and segregating generations in five cate- 
gories of psv-number. The hypothetical locations of the Fi mean and of the midparent 
M are indicated on the bottom scale. Construction performed using method 1 with 
Xw—xXv—=1 and spi= spx— 1.90. 
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meaning for sets of alleles that “ dominance” has for a single pair of alleles. 
The relative potence of the BalbC and C57 strains cannot be evaluated by 
use of F, in this experiment because the F; mean cannot be computed directly 
in “ threshold units.” However, the F2 mean, which theoretically on an ade- 
quate scale will deviate from the mid-parent by one-half of the deviation of 
the F,; mean, may be used. The Xv = 8.60 deviates from Xy = 9.66 by — 1.06 + 
0.19 units. This deviation may not be significant because of the deflated esti- 
mates of variances of the means. If the deviation is significant, it indicates 
that the set of genes in the C57 strain has more potence than the set of genes 
in the BalbC strain. The presence of potence implies that there is dominance 
in the gene pairs involved in the cross and that the dominance is preponder- 
antly in the same direction (toward strain C57), but it does not yield infor- 
mation about the magnitude of the dominance. For this we need estimates of 
the components of the genetic variance. 

Components of variance. The variances of the P;, Po, and F; generations 
measure on the chosen scale the effect of non-genetic or environmental fac- 
tors on the variation in skeletal type. The true environmental variance may 
be denoted by og”. The variances of the segregating generations are com- 
pounded of the non-genetic variance and the variance due to genetic recom- 
binations. This true genetic variance may be denoted by og’. The genetic 
variance may in turn be considered as a compound of the variance due to the 
differences between the homozygotes of each pair of genes and of the variance 
due to the difference between the heterozygote and the midparent of each 
pair of genes. These true variances may be denoted by op? and og”, respec- 
tively. A complete exposition of the meaning and use of these variances may 
be found in FisHer, IMMER and TepIn (1932) and MaTHer (1949). 

It has been shown that the variances of the segregating generations are: 


oF = Aol +ho. +o%, 

o? +0: = ho + ho* + 207. 
By use of the computed values of the standard deviations s of P2, Fa, By, and 
Bo, given in table 3, it is possible to solve simultaneously for estimates of 
op? and og?. Thus, sg? = Spo” = (1.90)? =3.61, spo? = (3.15)? =9.92, spi? + 
Spo” = (3.11)? + (3.12)? = 19.41. Upon inserting these values in the equations 
above, it is found that sp? = 0.87 and sy? = 23.46, as estimates of op? and o,?. 

This outcome is quite unexpected. If the estimates of op? ahd oy? are ac- 
cepted as reliable, the numerical values imply that the difference between the 
homozygotes of each pair of genes is almost trivial when compared with the 
deviation of the heterozygote from the mid-parent for each pair of genes. 
This suggests two alternative interpretations, both of which are inconsistent 
in some respect. First, if the dominant genes are concentrated in one parent 
and the recessive genes in the other, then the F, mean should be well outside 
the interval between the parental means. While the location of the F, mean 
for this experiment. is not known, it surely lies between the parental means. 
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This first interpretation is therefore not admissible. Second, if the dominant 
genes are nearly equally distributed between the parental strains but with 
sufficient inequality of distribution to give the observed difference between 
the parental means and the observed amount of potence, then the F2 and 
backcross generations should exhibit considerable transgressive variation, 
producing large frequencies of mice below the T-threshold (25-psv) and 
above the W-threshold (27-psv). The observed percentages among 1248 F2 
mice were 0.2 percent 25-psv and 0.3 percent 27-psv. The observed percent- 
ages of 25-psv and 27-psv in B,; and Be were also small. The second inter- 
pretation appears therefore to be not admissible. 

As another alternative, the estimates of op? and oy” may not be reliable. 
Since op? and oy? depend upon the variances of Po, Fo, Bi, and Bo, a faulty 
estimate of any one of these would be reflected in sp? and sy’. Of these, the 
F, variance is the one most likely to be in error since its value depends upon 
the proportion of, the F2 generation between the V- and W-thresholds and 
above the W-threshold. These proportions are 0.005 and 0.003, respectively. 
In comparison with the backcross variances, the F2 variance seems: to be 
suspiciously small. A shift of one mouse in the F2 generation from the 26- to 
the 27-psv category would, for example, increase the F, variance to 3.51 and 
yield 10.46 and 13.92 as the new estimates of op” and on’, respectively. It is 
obvious, therefore, that no great reliance may be placed upon the computed 
F, variance, nor upon the estimates of op? and oy” actually obtained. 

Nevertheless, some degree of dominance is indicated, thus supporting the 
conclusion based on the deviation of the F; mean from the midparent M. 

Number of pairs of factors. With only F, and backcross data available, 
any estimate of the number of pairs ‘of genes affecting skeletal type which 
distinguish the BalbC and C57 strains must necessarily be a coarse approxi- 
mation. This would be true even if an adequate metric scale were available. 
With a scale in “ threshold units,” there is a further loss of precision due to 
inaccuracies in the estimates of variance. 

At least 5 estimates of the number N of pairs of factors are possible with 
the available data. These estimates are similar (and similarly limited) be- 
cause for each it is assumed that the effective alleles are concentrated in the 
“large” parent and the non-effective alleles in the “small” parent, that all 
of the effective alleles add equal scale amounts to the phenotype, and that the 
non-alleles assort independently. The estimates are different because different 
generations and different components of the genetic variance are used. The 
estimates are given in table 4, along with the contribution of each effective 
allele in “ threshold units.” 

The estimates, N,, No, Ng, are based upon WricuT’s (1934) formula for 
estimating the minimum number of pairs of factors. The estimates are mini- 
mal because the variance used in the denominator of each is a compound of 
the estimates of op? and og”, where an estimate of cp? only is desired. These 
three estimates suggest that at least three pairs of genes distinguish the BalbC 
and C57 strains. The remaining two estimates are given by MATHER (1949). 
The estimate N4 = 38, using sp” only, appears to be an overestimate, since sp? 
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is undoubtedly smaller than the true value. The estimate Ns, using sq? only, 
is ridiculously small owing to the excessive value of sq? relative to the devia- 
tion of the Fz mean from the mid-parent. If sp? were as large as 10.46, which 
is by no means unreasonable, the number of pairs of factors would be N4, = 
3, approximately. 

It seems reasonable to suppose that the number of pairs of genes is not 
less than 3, nor more than 38, and that the true number is nearer to 3 than 
to 38. No more refined statement seems warranted by the data. 


NUMBER OF PAIRS OF RIBS 


The variation in rib development is less satisfactory for analysis than the 
variation in the number of presacral vertebrae. The 13-rib type occurred 
almost exclusively in strain C57, F;, and B,. The 13-rib type occurred in 
11.5 percent of strain BalbC, 96.3 percent of F2, and 77.2 percent of Be. The 
grades of rib development may be arbitrarily grouped, as shown in table 3, 


TABLE 4 


Estimates of the number of pairs of factors which distinguish the C57 strain (= P,) 
and the BalbC strain (= P,) with respect to skeletal type. 





Contribution of 
Number of pairs each allele in 





Estimate Definition of factors **threshold 

units’’ 
N, = (Xp,- Xp,)*/ 8(s?,- S32) = 27°: 5 1.9 
N, = (x,, - Xp,)*/16(s2,- 7.) x ae 2 2.9 
N, = (z,.- £,)*/16(s?,- s?,) 5 14~ 2 2.9 
N, = (%»,- <,,)*/4s2 = 38.4~38 0.2 
Nig =~ (&pp- ¥p)?/4s? e $23... 1.9 
N, & Gear Beat Z0*/0! = 0.2~ 0 





so that low grades 1 to 4 are designated 14L and high grades 5 to 8 are desig- 
nated 13H or 14H. It is obvious that no simple genetic explanation is possi- 
ble for the variation in rib number and development in the BalbC and C57 
strains. Even the numerous assumptions, such as were made for variation in 
psv-number, do not help in resolving the question of the number and kind of 
genetic factors. The analysis is hampered by the absence of variation in strain 
C57 and in F, and B. 

The means and standard deviations of strain BalbC, Fs, and Be do satisfy 
some of the conditions for multiple factor inheritance. That is, the means 
relative to a threshold K between 13H and 14L ribs are in the order Fo < 
Be < Po, and the standard deviations are in the order Po < Bo < Fo, as re- 
quired by the theory of numerous factors with additive effects upon rib 
number. 

The partial construction of figure 3 shows the relationship of the three 
variable generations to the thresholds K between 13H and 14L, and L be- 
tween 14L and 14H. 
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Number of thoracic vertebrae 
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Scale of x in threshold units 
Ficure 3. Distributions of three generations in three categories of rib number. 
TEST FOR ASSOCIATION OF COAT COLOR AND SKELETAL TYPE 


The BalbC and C57 strains differ with respect to three pairs of coat-color 
genes. Strain BalbC is albino with genotype cc4Abb and strain C57 is non- 
agouti black with genotype CCaaBB. The F; mice were all wild type CcAaBb. 
There were 5 coat color types of F2 mice, 2 types of B; mice, and 3 types of 
Bz mice. The observed and expected frequencies of the coat-color types in 
each segregating generation are shown in table 5. The segregation in each of 


TABLE 5 


Percentage distribution of coat color types in pure and cross-bred generations 
of mating of BalbC x C57. Genotype of BalbC is ccAAbb; genotype of C57 is 
CCaaBB. 








Black agouti Brown agouti Black Brown Albino 
Costcoee = Cah-B- C-A-bb  C-aaB-  C~aabb cc~-—— 1 
F, Obs. 42.7 14.1 13.8 3.5 25.9 1248 
Exp. 42.2 14.1 14,1 4.7 25.0 
B, Obs. 48.0 sees 52.0 vee seve 540 
Exp. 50.0 wri 50.0 tee 
B, Obs. 26.1 25.2 ee ae 48.7 954 
Exp. 25.0 25.0 seve tee 50.0 
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the three pairs of alleles and the assortment of non-alleles may be seen to 
conform very satisfactorily with mendelian theory for unlinked genes. 

To test for the association of skeletal type with coat color, the psv-numbers 
and the rib-numbers were each grouped into three categories. This made it 
possible to construct, in most cases, 2 x 3 contingency tables with a coat-color 
gene on one border and psv- or rib-number on the other. The observed num- 
bers of mice and the numbers expected on the hypothesis of no association 
are shown in table 6. Neither psv-number nor rib-number appears to be asso- 
ciated with genes C/c and A/a. Gene b, on the other hand, is associated with 
an increase in the number of presacral vertebrae, the more convincing evi- 
dence being in By. The same gene may also tend to increase the rib develop- 
ment, but the evidence is not so convincing. 

This association, if accepted as a fact, may be due either to linkage of the 
B/b locus with one or more loci carrying “ skeletal’ genes, or to the physio- 
logical effect of the b gene itself. No discrimination between these two possi- 
bilities can be made with the present experiment. 


SUMMARY 


Matings were made between two strains of mice, BalbC and C57blk, differ- 
ing in the number of thoracic and lumbar vertebrae. The BalbC strain con- 
sists of mice with 14 thoracic/5 lumbar (54 percent), 13/6 (11 percent), 
14/6 (18 percent) and other combinations (17 percent). The C5/blk strain 
consists of mice with 13/6 (98 percent) and other combinations (2 percent). 

The F, and Fy, generations were intermediate between the parental strains 
and the backcrosses, B; and Bs, to the two parents gave distributions located 
between the midparent and the parent used in the backcross. 

With respect to the number of presacral vertebrae (vertebrae between the 
cranium and sacrum), the two strains appear to be distinguished by at least 
three pairs of genes. There is a dominant-recessive relationship between the 
alleles but it is not clear whether the dominant alleles are concentrated in one 
of the parents or are nearly equally divided between the parents. One or more 
of the “ skeletal’ gene pairs may be linked with the coat color genes B/b. 

A transformation of percentage occurrence to a “threshold unit” scale, 
which may be made with some simplifying assumptions, appears to yield an 
adequate scale for measuring combinations of genetic and non-genetic factors. 

With respect to the number of pairs of ribs (thoracic vertebrae) the ob- 
served variation in the pure strains and segregating generations is not suffi- 
cient to permit an analysis of genetic differences. 
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HE conjugation of the chromosomes during the first meiotic prophase 
is referred to as synapsis. Therefore a lack of this prophase pairing is 
correctly referred to as asynapsis. However, in actual use the term asynapsis 
has been applied to a lack of chromosome pairing at any point during the 
first meiotic division. While this use of the term is not strictly in accord with 
the original definition it is probably best to use it in this sense unless one can 
positively determine that the lack of pairing at the later first division stages 
is not related to a lack of pairing at the time of chromosome conjugation. L1, 
Pao and Lr (1945) have used the term desynapsis to describe the condition 
where chromosomes initially pair at pachytene but fail to remain paired at 
subsequent meiotic stages. This terminology is certainly more accurate if 
initial pairing is complete but is just as inaccurate as the term asynapsis un- 
less it can be demonstrated that the lack of pairing at metaphase is greater 
than can be accounted for by the amount of non-pairing at pachytene. With- 
out thorough examination of the early prophase stages it is impossible to tell 
whether it is more accurate to use asynapsis or desynapsis to designate lack 
of pairing occurring at later first division stages. The occurrence of some 
bivalents at the later first division stages does not necessarily indicate that 
all chromosomes were paired at the early prophase stages. Even the occur- 
rence of complete metaphase pairing in some sporocytes does not necessarily 
indicate that complete pachytene pairing occurred in all sporocytes. On 
the other hand, the complete lack of metaphase pairing does not demand 
the complete lack of pachytene pairing. The prophase stages of many cases 
of asynapsis reported in the literature were not studied and therefore it is 
impossible, when considering these cases, to know which of the two terms, 
asynapsis or desynapsis, is more accurate. In the present work three of the 
mutants considered were not given extensive cytological study, whereas cyto- 
logical examination of the other two mutants indicates a variable amount of 
pachytene pairing. Therefore, throughout the paper the term asynapsis will 
refer to any lack of pairing occurring during the first meiotic division. 
Reported cases of asynapsis can be classified into the following groups. 
(1) Asynapsis in species hybrids. (2) Asynapsis caused by the loss of a 
chromosome pair. (3) Asynapsis in apomictic organisms. (4) Asynapsis in- 
duced by external conditions. (5) Asynapsis due to the action of a gene or 
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GENETICS 36: 410 July 1951. 














ASYNAPTIC MUTANTS IN THE TOMATO 411 


genes. Each of the above groups is characterized by unpaired chromosomes 
at first meiotic metaphase even though the cause in each group may be quite 
different. Asynapsis in species hybrids has been considered to be due to a 
lack of homology between the chromosomes. A similar lack of homology may 
be responsible for the lack of pairing in apomictic organisms. However, a 
lack of homology cannot be considered to exist in cases where asynapsis has 
been produced by the loss of a chromosome pair, by environmental conditions, 
or by gene action. Each of these last three groups contains chromosomes 
which are homologous and which are capable of pairing if the conditions pre- 
venting proper pairing are removed..Where asynapsis is caused by the loss of 
a chromosome pair the return of this pair restores pairing (HuskIns and 
HEARNE 1933). When unfavorable environmental conditions, such as ex- 
treme temperatures (DARLINGTON 1937; SHARP 1934) and deficient water 
(PRAKKEN 1943) are removed, pairing also returns to normal. In the case of 
gene-controlled asynapsis, presence of the proper alleles restores normal 
pairing. But only in the case of asynapsis caused by, environmental conditions 
can proper pairing be restored during the life of an individual plant. 

Although the possibility of gene control cannot be eliminated as the cause 
in any of the groups, except in cases of asynapsis ¢aused by environmental 
conditions, only in the case of group five, in the classification given above, 
has it been possible to identify definitely the asynapsis with gene control. 
Where genetic studies have been conducted several different means of in- 
heritance have been indicated. Control by a single recessive gene was found 
in most cases. In cotton (BEASLEY and Brown 1942) and in wheat (SMITH 
1936) control was determined by two recessive genes. 

Regardless of the type of gene control, the point in the meiotic cycle where 
asynapsis occurs, or the degree of asynapsis, the effect of asynapsis on gamete 
formation is the same. Irregular distribution of the chromosomes results in 
gametes with unbalanced sets of chromosomes. This chromosomal unbalance 
causes abortion of both megaspores and microspores. The extent of the re- 
sulting sterility depends.on the amount of asynapsis and consequent irregular 
chromosome distribution. In most cases reported, pollen sterility is very high, 
and where ovule sterility has been reported, it has also been very high, but 
usually is not so great as the pollen sterility. Viable unbalanced gametes may 
be produced if their unbalance is small enough. Feriilization of these gametes 
may then give rise to progeny with unbalanced chromosome numbers, such 
as nullisomics, monosomics and trisomics. The chromosome unbalance may be 
of such a degree that the gametes are viable but the zygote produced upon 
fertilization is non-viable. 

Restitution nuclei may be formed if the chromosomes fail to be distributed 
to the poles at first anaphase. Equational chromosome division at second di- 
vision then produces balanced diploid gametes. Fertilization of these gametes 
can produce polyploids (BEADLE 1933; RHOADEs 1947). In the case of Allium 
amplectens (LEVAN 1940), complete asynapsis with the formation of restitu- 
tion nuclei at the end of first anaphase followed by an equational division 
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of the chromosomes resulted in balanced pollen dyads and thereby produced a 
higher degree of pollen fertility than existed in the non-asynaptic triploid 
plants. 

Most cytological studies on asynapsis have been concerned with the be- 
havior of the chromosomes at diplotene or more advanced meiotic stages. The 
amount of pairing occurring at these mid-meiotic stages has varied with the 
organism studied. While variable pairing has been reported in most cases, 
complete lack of pairing has been reported in Datura stramonium (BERGNER, 
CARTLEDGE and BLAKESLEE 1934), in Capsicum annuum (Pat and RAMANU- 
yam 1940), and in wheat (SmitH 1936). In Paeonia (Hicks and STEBBINS 
1934) only one chromosome pair was affected. Where all meiotic stages were 
studied, complete pachytene pairing was reported for Pisum sativum (KOLLER 
1938), Allium amplectens (LEVAN 1938), Triticum vulgare (Li, Pao and 
Lr 1945), Crepis capillaris (RicHARDSON 1935), Rye (PRAKKEN 1943), and 
Nicotiana sylvestris (GoopSPEED and Avery 1939), while complete lack of 
pachytene pairing was reported by YAMAMoTO (1934) for Rumex acetosa. 
BEADLE (1933) reported variable pachytene pairing in asynaptic Zea Mays. 

The definite establishment of genetic control has been coupled with detailed 
cytological examination of all meiotic stages in only a few of the cases of 
asynapsis which have been reported (PRAKKEN 1943; JoHNsson 1944; 
BEADLE 1933). In all other reported cases, either genetic control was not 
definitely established or detailed cytological examination only included a por- 
tion of the meiotic cycle. Only BEADLE (1933) and RHoapes (1947) working 
with Zea compared chiasmata formation in cytological studies with crossing 
over in genetical studies of an asynaptic mutant. 

The present study was undertaken in an attempt to obtain as complete a 
cytological understanding as possible, to establish gene control, and to investi- 
gate the possible effect of asynaptic genes on the amount of genetic crossing 
over. Comparative cytological studies of asynaptic mutants of varying degrees 
of intensity of asynapsis were conducted in order to gain a better understand- 
ing of asynapsis and of meiosis in general. 


MATERIAL 


Five asynaptic mutant tomato plants which were collected in 1944 by Dr. 
C. M. Rick while searching for male-sterile plants in commercial field plant- 
ings of the variety San Marzano served as the experimental material for this 
study. 


PRELIMINARY OBSERVATIONS 


A tabulation of the field determinations and preliminary cytological exami- 
nations made on the five mutant plants collected is presented in table 1, in 
which the mutants are listed according to their individual plant numbers. 

Examination of the table shows that all of the mutants considered have 
normal flower morphology except for possible small differences in anther size 
and color. The measurements of leaf thickness, while varying between 0.31 
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mm and 0.35 mm, are well within the range of diploid leaf thickness for this 
variety (Rick 1945) and within the range of diploid plants in the fields from 
which the plants were collected. In each case the subsequent chromosome 
counts made from sectioned root tip material substantiated the field checks. 
The low number of seeds set per fruit indicated ovule sterility, separating 
these mutants from male-sterile mutants which exhibit complete or nearly 
complete ovule fertility. An indication of asynapsis was obtained by examina- 
tion of anther smears in acetocarmine. The aborted pollen grains from the 
asynaptic plants exhibited considerable variability in size while any aborted 
grains present in male-sterile plants were more uniform in size. The usual 
presence of a few normal grains in samples from asynaptic mutants and their 
absence in samples of nearly all male-sterile mutants constitutes another dif- 
ference. Only by cytological examination of meiotic material can the plants 
be definitely determined to be asynaptic. 


MACROSCOPIC DIFFERENCES 


Since male-sterile tomato mutants exhibit macroscopic changes of the 
flower parts (Rick 1948), attempts were also made to classify the plants of 
these segregating F, families by means of macroscopic flower characteristics. 
While measurements of anther tube length and diameter indicated slight dif- 
ferences between the asynaptic and normal plants, the measurements over- 
lapped completely and differences were not large enough or consistent enough 
to determine the segregations reliably. Table 2 indicates the range and means 
of anther tube length and diameter for two of the mutants and corresponding 
normal plants. Thirty sterile anthers and thirty fertile anthers from plants in 
the segregating F, of each mutant were measured. The product of the length 
and diameter of the anther tube is also included since this measurement in- 


TABLE 2 


Anther tube measurements. 








Min. Max. Mean 
in millimeters 
Mutant 83 
Sterile 
Length 8.00 10.50 9.04 
Diameter 2.00 3.00 2.53 
Product 16.00 28.50 22.95 
Fertile 
Length 8.00 10,00 9.27 
Diameter 2.00 3.00 gute 
Product 18.00 30.00 24.67 
Mutant 125 
Sterile 
Length 8.00 10.00 9.36 
Diameter 2.00 3.00 2.47 
Product 18.00 30.00 23.13 
Fertile 
Length 8.50 10.00 9.20 
Diameter 2.00 3.00 2.53 
Product 17.00 30.00 24.67 
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tensifies the slight differences that exist. No differences in the size of other 
flower parts were detected. 

Initial field notes indicated that there might be slight color differences be- 
tween the anthers of the mutants and those of the normal plants. If such 
differences exist, it was not possible to detect them consistently among the 
segregating progeny. Perhaps the color as well as anther tube size differences 
were reduced by heterozygosity in the F2 pregeny which may have been 
introduced from the fertile stock used to produce the F; plants. 


INHERITANCE 


The phenotype of each plant in the families considered in this section, as 
well as in the following section on allelism, was determined by examination 
of anther contents smeared in acetocarmine. When the plants were field 
grown the smear determinations were checked later against fruit set. In all 
but a very few instances, unfruitfulness coincided with pollen sterility. Fruit 
set of greenhouse plants was not determined, but anthers from at least three 
flowers of each plant were checked by the acetocarmine smear method. In the 
case of any doubtful plants—that is, plants which exhibited a level of pollen 
fertility intermediate between the high level (70-100 percent) of the fertile 
plants and the low level (0-30 percent) of the asynaptic plants—additional 
anther smears were made. In all but two cases these doubtful plants produced 
high levels of stainable pollen in the additional anthers. Only two of 175 
plants continued to exhibit an intermediate level of fertility. Meiotic smears 
indicated complete pairing of chromosomes for both plants and no other 
meiotic abnormalities were visible. 

Fertile plants obtained from open-pollinated seed taken from the original 
mutant plants were used as the F; generations of mutants 88 and 101. Asyn- 
apsis wads assumed to be controlled by recessive genes and it was further 
assumed that these fertile plants had resulted from natural crossing of the 
mutants with normal fertile plants. F, generations of mutants 83, 125 and 149 
were produced by controlled crosses of the asynaptic plants with normal 
fertile plants. Because asynaptic plants have high pollen sterility they were 
used as the ovule parents, and the normal fertile plants were used as the 
pollen parents in each of the controlled crosses. A completely homozygous 
diploid stock which had originally been produced by treating a haploid plant 
with colchicine was used as the pollen source in all of the controlled crosses. 
All F, generations, of course, were obtained by selfing the F, plants. 

In every case where the F; was produced by controlled crossing of the 
sterile mutant with a normal, fertile plant all of the resulting F, progeny 
were fertile, indicating that the control of the sterility was by one or more 
recessive genes. 

Several F, families of each mutant were grown and scored for fertile and 
sterile plants. The observed segregations were compared with the expected 
values by means of the chi-square test, and the share of the chi-square con- 
tributed by heterogeneity between families of each mutant was computed. 
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These data are summarized in table 3. In all of the Fz progenies the values 
for heterogeneity are well below the five percent level of significance. This 
level of heterogeneity indicates that all F, families from an individual mutant 
could be treated as samples of the same population. Therefore it is valid to 
add the individual F, families together and test the totals for a departure 
from the expected ratio. All observed segregations agree well with the values 
expected of recessive monogenic inheritance. Therefore, there is no evidence 
against accepting the hypothesis that asynapsis in each of the five mutants is 
controlled by a single recessive gene. 


TESTS ON ALLELISM 


A series of test crosses was conducted in order to establish whether any 
of the five asynaptic mutants under consideration might be allelic. Because 
the mutants exhibit a high degree of pollen and ovule sterility, it was not 
feasible to cross the mutants themselves. Therefore, in the test crosses the Fy; 
heterozygote of each mutant, produced by crossing each mutant with a nor- 
mal, fertile plant was used. The five F,’s obtained in this manner were then 
crossed in all possible combinations: that is, giving a total of ten families. 
These families were checked for the presence of any asynaptic plants by the 
method cited in the section on Inheritance. The results of these test crosses 
are tabulated in table 4. The second entry in the ass x as, space represents an 


TABLE 4 


Segregation in F, families of allelic test crosses. 








Mutant 
ouminee as, as, as, as, 
as, 35F*, OS 21F, OS 26F, OS 19F, OS 
as, 21F , OS 18F, OS 22F, OS 
as; 31F ,OS 18F, OS 
18F , OS 
aS2 17F ? OS 





*F denotes a fertile plant; S a sterile plant. Therefore, 18F indicates 18 fertile 
plants. 


additional family obtained by crossing the same F, ovule parent by a different 
F, pollen parent. Evidence from F,2 populations of each mutant indicated that 
each one was most likely governed by a single recessive gene. Therefore it 
would be expected in crosses between F,’s of these mutants that, according 
to the binomial distribution, if any two of the mutants were allelic at least 
one homozygous recessive plant would appear in a population of 16 or more 
plants of their Fy. Since the table shows that no sterile plants appeared in 
any of the test families, each of the mutants must be determined by a different 
gene. Since each mutant proves to be determined by a single gene, it would 
be appropriate, following BEADLE and McC.iintTock’s (1928) designation for 
the asynaptic mutant in Zea Mays, to assign the general symbol as to these 
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mutants and to use subscripts to denote each individual mutant. Thus, mu- 
tants 83, 88, 101, 125 and 149 would be designated by the symbols as, ase, 
as3, ass and ass, respectively. 


CYTOLOGY 


All meiotic studies were made on microsporocytes fixed in three parts 
absolute ethyl alcohol to one part glacial acetic acid. A modified iron-aceto- 
carmine technique was used in smearing the material. The fixed anthers were 
washed in water for 20 minutes, mordanted in four. percent solution of ferric 
ammonium sulphate for 20 minutes or longer and then washed with several 
changes of water for one hour before smearing in aceto-carmine (Marta S. 
WALTERS, unpublished). Temporary mounts were made by sealing the cover 
slip with a mixture of paraffin and gum-mastic. All photographs were made 
from temporary mounts. Slides were made permanent by following the tech- 
nique proposed by Love (1940). 

For the inspection of ovules and tapetal tissue, the material was fixed in 
Cooper’s (1931) formalin acetic alcohoi, sectioned after imbedding in paraffin 
and stained with iron-alum-haematoxylin. 

Cytology of the normal type: The meiotic process in normal plants is 
essentially like that described by DArRLINcTon (1937) for Fritillaria and by 
Humpurey (1934) for Lycopersicon esculentum. As HUMPHREY notes, 
synizesis does not appear to be necessary to the normal course of meiosis. The 
exact point in meiosis. when it appears varies and seems to depend on the 
reaction of the chromosomes to the method of fixing used. The chromosomes 
may be found in the synizetic knot at any time from the beginning of leptotene 
through pachytene. 

Cytology of the asynaptic mutants: Since preliminary smears indicated a 
lack of pairing at metaphase in the mutants under observation, it was of 
interest to establish the extent of this lack of pairing and to determine, if 
possible, at what point in the meiotic cycle the defect in pairing becomes ap- 
parent. Since preparations of metaphase indicated a certain degree of pairing, 
it was necessary to assume that at least some of the chromosomes were par- 
tially, if not completely, paired during the prophase stages. The investigation 
was limited for practical reasons to the two mutants, as, and as,4. It was de- 
sired to have mutants which were controlled by different genes and which 
differed in the amount of chromosome pairing. The meiotic processes of these 
mutants could then be compared with each other as well as with meiosis in 
normal material in order to gain a better understanding of the action of 
asynaptic genes. At the time the selections were made the only criterion 
available for selection was ability to set’ seed. The two mutants selected as 
representative differed considerably in this respect. In selecting these mutants 
on this basis, it was assumed that the differences in seed set were produced 
by differences in amount of chromosome pairing. When normal pollen was 
used, mutant as, had an average seed set of 21 seeds per fruit, while mutant 
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Piate I. Zygotene to diakinesis 750 x. 
Fig. 2—Zygotene from mutant ass. 
Early pachytene from mutant asi. 
lack of pairing. 


Fig. 1—Early zygotene from a normal plant. 

Fig. 3—Late zygotene from mutant as. Fig. 4— 
Fig. 5—Pachytene from mutant as; showing extreme 
Fig. 6—Pachytene from mutant as; showing almost complete pairing. 
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as, had an average seed set of six seeds per fruit. The seed set of both mu- 
tants was considerably lower than the average of 40 seeds per fruit obtained 
from normal plants under like conditions. 

Leptotene, Zygotene: Smears of both mutants showed the normal condi- 
tion at late leptotene with the nucleus filled with visibly single, light-staining 
threads (fig. 1). As meiosis proceeds, these threads appear to contract, 
thicken, and become differentiated in staining ability (fig. 2). Just as in 
normal material, the thickening threads begin to pair, indicating the beginning 
of zygotene (fig. 2). As mentioned above, for the normal material, chromo- 
somes may or may not be in a synizetic knot at this time. 

Pachytene: Continued smear preparations of asynaptic plants of the two 
mutants as; and as, indicated that the variable pairing at metaphase is a 
reflection of variable pairing at pachytene. Complete pairing of the chromo- 
somes at pachytene may occur in both mutants. Figure 6 (as,;) shows the 
almost complete pairing that can occur at pachytene in some cells. Figure 7 
(as;) shows especially the nucleolar chromosome and an unidentified chromo- 
some exhibiting complete pairing. In contrast, figure 5 is a cell of as, with 
the chromosomes in the pachytene condition but with little pairing. From the 
beginning of pachytene asy shows less pairing than as; and both mutants 
show less than normal material. A lower percentage of the cells from a given 
anther of the asynaptic mutants are in full pachytene pairing than comparable 
preparations from normal plants. Since pairing is not a sudden occurrence, 
it is extremely difficult to determine whether the lower percentage of com- 
plete or near complete pachytene cells in a given preparation is due to the 
failure of the cells to pass through such a stage, or is due to an irregularity 
in the timing among the sporocytes in a single anther. 

Any correlation existing between the amount of pairing at pachytene and 
the amount at metaphase is also difficult to establish because of the unrelia- 
bility of determining the extent of pairing at pachytene. The greater the lack 
of pairing the more difficult it is to follow the chromosomes throughout their 
length. This makes it difficult to determine if any pairing which is present 
concerns one or several chromosomes. In cells with complete or almost com- 
plete pairing the chromosomes are more easily followed and any sections 
which are unpaired can easily be detected. Figure 5 (as4) and figure 6 (as,) 
demonstrate this point. 

Diplotene: Unfortunately, preparations of diplotene, which would have 
been valuable in the study of pairing and chiasmata frequency, were never 
favorable for reliable comparisons in any of the material. Figure 9 pictures 
one of the better preparations of diplotene obtained from normal material. 
Because of the unsuitability of the diplotene stage, diakinesis and metaphase 








Fig. 7—Pachytene from mutant as: showing especially the nucleolar chromosome com- 
pletely paired. Fig. 8—Pachytene from a normal plant. Fig. 9—Diplotene from a 
normal plant. Fig. 10—Early diakinesis from a normal plant. Fig. 11—Mid-diakinesis 
from a normal plant. Fig. 12—Mid-diakinesis from as, showing 4 pairs and 16 univalents. 
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stages had to be used for measurements of pairing and chiasma frequency. 
The lack of diplotene studies also made it impossible to obtain any indication 
of changes of pairing or chiasma frequency that might occur between these 
stages. 

Pairing at diakinesis: The first counts on pairing relationships were made 
on metaphase figures (figs. 13 and 14). This stage was abandoned in favor 
of diakinesis because of the following two factors: (1) The irregularity in 
the time of separation of any bivalents made it imperative to make the counts 
at the moment of the first anaphase movement, otherwise divided bivalents 
are too easily included as univalents. (2) If attempts were made to make 


TABLE 5 


Chromosome pairing in mutant as,» 











Collection 
number 5904-4 5904-6 59-5 59-7 1702-1 3-1 3-3 
Plant no. 59-4 59-4 59-4 59-4 17-2 3-1 3-3 
Time 7 AM 4 PM 11 AM 1 PM 1 PM 1 PM 1PM 
Date 8/17/48 8/17/48 10/9/48 10/4/48 1/9/48 12/2/48 12/2/48 
Degrees F 55 93 70 78 72 76 76 
Number of 
pairs Frequency 
0 0 0 0 0 0 0 0 
1 3 0 0 0 0 0 0 
2 8 0 0 3 1 1 0 
3 28 4 6 5 6 3 0 
4 43 8 10 13 14 12 3 
5 50 22 20 17 20 15 14 
6 42 29 21 26 29 28 22 
7 21 36 46 43 ll 38 37 
8 7 37 40 32 4 24 42 
9 5 36 ae 23 0 12 25 
10 2 23 7 9 1 8 22 
1l 0 13 2 5 0 4 13 
12 0 8 0 3 0 2 9 
Ave. no. 
of pairs 5.09 7.73 6.98 7.03 5.45 6.94 8.40 





counts just before anaphase movement begins, cells possessing lower amounts 
of pairing are eliminated because they appear as if anaphase has been partially 
completed. 

Pairing counts made at diakinesis (figs. 11 and 12) from both mutants are 
listed in tables 5 and 6. Counts were made on different days, different times 
during a given day, and from different individual plants. An examination of 
tables 5 and 6 shows variability from day to day, from plant to plant, and be- 
tween collections made at different times during the same day. 

Although meiotic stages could be found in material collected at any time 
during the day, a much higher percentage of mid-meiotic stages was observed 














ASYNAPTIC MUTANTS IN THE TOMATO 421 


at some times of the day than at others, the exact time of highest activity 
varying in response to the temperature. Under summer field conditions with 
temperatures rising rapidly in the morning, the most favorable material was 
obtained in the mid-morning hours. Under winter greenhouse conditions, 
where the maximum temperatures were lower and reached later in the day, 
maximum activity occurs in the early afternoon. For convenience, most an- 
thers were collected at the time of day when meiotic activity was highest. 
That is, most greenhouse collections were made from one to two in the after- 
noon, while field collections were made between nine and eleven in the 
morning. 











TABLE 6 
Chromosome pairing in mutant as,+ 
Collection 
number 5701-4 5701-6 5707-1 1-1 1-5 1-6 5707-2 
Plant no. 57-1 57-1 57-1 1-1 1-1 1-1 57-7 
Time 7 AM 4PM 10 AM 1PM 1 PM 1 PM 10 AM 
Date 8/17/48 8/17/48 6/28/48 11/9/48 12/29/48 1/5/49 7/3/49 
Degrees F 55 93 75 72 78 73 78 
Number of _—_— 
pairs requency 
0 0 0 0 0 0 0 0 
1 0 0 0 3 0 2 3 
2 1 0 7 12 3 9 8 
3 10 0 5 19 8 16 9 
4 19 4 1l 35 17 31 15 
5 21 16 8 24 21 26 21 
6 12 29 3 15 19 12 1l 
7 7 30 3 12 13 7 7 
8 2 34 1 5 3 2 7 
9 0 29 1 3 1 0 4 
10 0 16 0 0 0 0 2 
11 0 rs 0 0 0 0 0 
12 0 0 0 0 0 0 0 
Ave. no. 
of pairs 4.86 7.58 4.30 4.57 5.19 4.31 5.03 





Variability in pairing: Variability from day to day is best shown among 
collections 1-1, 1-5, 1-6 of mutant as, (table 6). These three collections were 
made from the same plant on different days. In collections from a single plant 
chromosome pairing varied less in anthers taken at similar temperatures on 
different days than in those collected at different temperatures on the same 
day. There was little variability of pairing from plant to plant. The chromo- 
somes of one plant of as, (collection 3-3, table 5), however, paired to a 
greater extent than those of other plants (collection 3-1, table 5) of the same 
mutation. 

Collections 5701-4 and 5701-6 (table.6) were both made from a single 
asynaptic plant of as, on August 17, 1948. 5701-4 was collected at 7 A.M. 
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and 5701-6 at 4 P.M. Similar collections were also made of a single plant of 
as; and are indicated as 5904-4 and 5904-6 in table 5. 59044 was collected 
at 7 A.M. and 5904-6 at 4 P.M. In both mutants the amount of pairing at 
diakinesis was greater in the collections made at 4 P.M. than in the collections 
made at 7 A.M. Collections made from normal plants at the same times indi- 
cated complete pairing in all collections. The temperature at 7 A.M. was 55 
degrees F., the minimum for the day, and at 4 P.M. it was 92 degrees F., 
the maximum for the day, as registered by a recording thermometer in a 
standard weather box located 1000 feet from the planting from which the 
collections were made. GoopspEED and Avery (1939) indicated a decreased 
pairing of chromosomes with increased temperature in asynaptic plants of 
Nicotiana. The temperature which they used for this correlation were the 
maximum temperatures of the day before the mornings on which the anthers 
were collected. 

If it is assumed that the effect of temperature is on the early prophase 
stages then the diakinesis stages counted from the collections made at 4 P.M. 
could have originated from early prophase stages occurring during the cooler 
morning hours of the day, while the diakinesis stages counted in material 
collected at 7 A.M. would have resulted from earlier prophase stages which 
occurred during the hot hours of the previous day which had a maximum 
temperature of 90 degrees F. Time studies of meiosis were not conducted, so 
the time interval between zygotene and diakinesis is not known. The interval 
between the time of chromosome pairing and the stage at which the counts 
were made may be short enough so that the effect of temperature could be 
the opposite from that indicated if a time lag of 12 to 18 hours is assumed. 
That is, an increase of temperature may increase the amount of pairing. Lt, 
Pao and Li (1945) indicate increased pairing with increased temperature in 
asynaptic wheat. They correlated the amount of pairing with the temperatures 
recorded at the time each collection of anthers was made. The time needed 
for meiosis to proceed from prophase to metaphase, the stage at which pair- 
ing was determined, was not considered. If such a lag were to be taken into 
account, the effect of temperature on asynapsis in their material might be 
reversed. 

These tests on the effect of temperature on asynapsis are merely explora- 
tory. More extensive studies are needed to obtain sufficient data for definite 
conclusions. A much more critical control and measurement of the tempera- 
ture as well as other environmental conditions would be needed. It would 
further be necessary to establish a time sequence for meiosis. 

It will also be noticed that the two mutants as, and as, differ from each 
other in their level of pairing (tables 5 and 6), mutant as, exhibiting a higher 
level of pairing than mutant as4. It is also interesting to note that this differ- 
ence in level of chromosome pairing correlates with the level of seed set— 
that is, with the level of ovule fertility. However, the variability of pairing 
was such that in some collections as, exhibited amounts of pairing as high as 
or higher than those of as, (tables 5 and 6). 
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Chiasmata frequency: As presented in the introduction, one phase of this 
study was to attempt to determine if reduced pairing and reduced chiasma 
formation correlated with reduced genetic crossing over. Chiasmata frequency 
as well as pairing frequency was also measured (in diakinesis). With the 
methods of fixation and staining used, individual chromatids cannot usually 
be distinguished at the point in diakinesis when all of the chromosomes in a 
given cell can be analyzed for pairing and chiasma formation. Because of 
this, any interstitial or end association between homologous chromosomes 
was counted as a single chiasma. At diakinesis, as at all other meiotic stages 
and in mitosis, the chromosomes consist of central, deep-staining, chromatic 
portions and light-staining, achromatic end portions (fig. 11). Chiasmata 
were never located in the chromatic areas at diakinesis, but when present 
were always seen in the achromatic portions (Brown 1949). All associations 
between chromosomes that appeared to be at the distal end of the achromatic 
area are listed as terminal chiasma. Whether these terminal associations were 
originally formed at the ends or are the result of chiasmata which have ter- 
minalized (DARLINGTON 1937) remains undetermined. All other chiasmata 
are listed as interstitial. 

As shown in table 7, the average number of chiasmata per bivalent for 
mutant as, varies from 0.32 to 0.89 when all chromosomes, paired and un- 
paired, are considered but varies from 1.00 to 1.25 when only paired chromo- 
somes were included in the calculations. 

The two genetic characters used to test the effect of the asynaptic genes on 
crossing over are both located on the chromosome which is attached to the 
nucleolus (LEsLEY and LesLtey 1935). It is therefore possible to identify 
cytologically this chromosome and therefore to make exact comparisons be- 
tween the crossing over and chiasma frequency for this one chromosome. In 
mutant as, a chiasma frequency of 1.26 per bivalent is obtained when only 
paired nucleolar chromosomes are considered and a value of 0.89 when all 
nucleolar chromosomes paired or unpaired are included (table 7). 

Mutant as, shows a lower chiasmata frequency than mutant as, in respect 
to the nucleolar chromosome as well as for all chromosomes (table 7). Fre- 
quencies from 1.00 to 1.07 chiasmata per bivalent when only paired bivalents 
are included were recorded while frequencies of 0.31 to 0.43 were obtained 
when all chromosomes paired or unpaired were considered. Counts on the 
nucleolar chromosome indicate a chiasma frequency of 1.13 per chromosome 
if only paired chromosomes are considered and 0.53 if unpaired as well as 
paired are considered. 

Chiasma frequency in normal material for all chromosome pairs was 1.42 
per bivalent which is much higher than either mutant. The frequency for the 
nucleolar chromosomes, 1.46 per bivalent, is also higher than either mutant 
(table 7). 

In the normal as in the two mutants the chiasma frequency for the nu- 
cleolar chromosome is higher than the mean frequency for the entire chromo- 
some complement. This is perhaps due to the method and stage of counting. 
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At the stage when the counts were made (figs. 11 and 12) the nucleolar 
chromosome pair is the only pair in which two chiasmata can be distinguished 
in one arm. Except for a few possible cases, it was never possible to distin- 
guish more than one chiasmata per arm in the other chromosomes. It is 
certainly possible that more than one chiasma could occur in each arm, but, 
due to terminalization of the chiasma and the contraction of the chromatin 
material by mid-diakinesis—the stage at which the counts were made—it was 
not possible to distinguish them as individual chiasmata. At diakinesis a 
greater length of achromatic material is usually visible on the nucleolar chro- 
mosome than on any of the other chromosomes. This greater length lends 
itself to easier determination of chiasmata and perhaps also to the formation 
of them. 

In studies of asynaptic rye plants (PRAKKEN 1943) an increase in the per- 
centage of terminal chiasmata with a decrease in pairing was reported. 
BEADLE (1933) also indicates a slight increase in the percentage of terminal 
chiasmata in his asynaptic maize. If it is assumed that all chiasmata originate 
interstitially and become terminal in position only through terminalization, 
then this increase in the percentage of terminal chiasmata could be produced 
by a more rapid terminalization of chiasmata. If the chiasmata terminalize 
with the same rate in the asynaptic plants as in normal plants, then an in- 
crease in the percentage of terminal chiasmata could be produced if the 
chiasmata which did occur were formed nearer to the ends of the chromo- 
somes. Such might be expected if pairing begins at the ends and proceeds 
toward the middle. Then incomplete pairing might allow chiasmata formation 
near the end but prevent formation at positions removed from the ends. In 
the asynaptic plants studied here no significant increase or decrease of ter- 
minal chiasmata with the decrease in pairing was detected (table 7). This 
would indicate that chiasmata which were formed were located at random and 
terminalized normally or possibly they tended to form in interstitial regions 
and terminalize more rapidly. 

BEADLE (1933) indicates a reduction in the mean number of chiasmata per 
bivalent with a decrease in the number of bivalents per cell in Zea Mays. 
The present study indicates a similar situation. Both mutants show fewer 
chiasmata per paired bivalent than the normal controls, and within the mu- 
tants there is a positive correlation between the average number of pairs and 
the frequency of chiasmata per pair (table 7). 

Metaphase orientation and anaphase movement: In both asynaptic mutants 
the bivalents are oriented on the plate but the univalents appear in random 
positions. That is, some univalents may be on the metaphase plate with the 
bivalents or they may be scattered about the cell (fig. 14). In normal ma- 
terial, all bivalents separate simultaneously at anaphase and move together to 
the poles (fig. 15). Anaphase movement in the asynaptic mutants is very 
irregular and quite variable. The bivalents which are present separate nor- 
mally except some that lag considerably in time of separation. The inclusion 
of the univalents in the telophase nucleus depends on their position at the 
initiation of anaphase. 














426 ROBERT K. SOOST 


3 ; i. ae’ 
= : * 4a “f%. 


@ " ne ae ee 








Piate II. Metaphase to second telophase 750 X. Fig. 13—First metaphase from a 
normal plant showing 12 pairs. Fig. 14—First metaphase from mutant as, showing 6 
pairs and 12 univalents. Fig. 15—First anaphase from a normal plant. Fig. 16—First 
anaphase from mutant as, showing univalents dividing. Fig. 17—First telophase from 





mutant as; showing 13 chromosomes at one pole and 11 at the other pole. Fig. 18— 
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The univalents may also undergo division during the process of the first 
meiotic anaphase. Figure 16, pictures a very irregular late anaphase from 
mutant asy. Some of the univalents have divided and others can be seen 
visibly attentuated and apparently dividing. With anaphase completed, uni- 
valents may be seen to lag and to be excluded from the telophase nucleus. 
Figure 17, shows a telophase from ass with 12 chromosomes at one pole and 
10 at the other with one univalent excluded from each nucleus. 

Second division: As in normal material the chromosomes clump and be- 
come less distinct following telophase, then spread out and become more dis- 
tinct and deeper staining as they form the pro-metaphase of second division. 
The nucleoli also reappear at this point and rapidly disappear before the 
chromosomes are aligned on the metaphase plates. Figure 18, is early second 
prophase of ass with 12 chromosomes plus two chromatids in the left nucleus 
and 11 chromosomes in the nucleus to the right. A pro-metaphase, figure 19, 
from a normal plant has 12 chromosomes in each nucleus. The chromosomes 
then orient on the metaphase plates as pictured in figures 20 and 21. Figure 
21, from mutant as, has 10 chromosomes and one chromatid in the left meta- 
phase plate and 13 chromosomes and one chromatid in the right plate. Ana- 
phase movement in the second division of the asynaptics may be quite regular 
as indicated in figure 22, or chromosomes may lag and remain behind as in 
figure 23. 

As a result of lagging in both first and second divisions, micronuclei are 
formed so the number of nuclei present at the end of both meiotic divisions 
varies from four to eight. A uniform division such as pictured in figure 22 
probably will result in the normal four nuclei while irregular divisions either 
at first or second anaphase will produce varying numbers of nuclei. In figure 
24, an eight nucleate cell from as, is illustrated. Cell walls are not formed 
until both divisions have been completed in either the asynaptic or normal 
material. 

No fragmentation of chromosomes was observed nor were any restitution 
nuclei seen. 

Fertility of pollen: The uneven distribution of chromosomes and the ac- 
companying production of micronuclei leads to the formation of aborted pollen 
grains of varying size. In variability of size the aborted grains in these 
preparations from mature anthers are very similar to those in preparations 
from haploid plants. 





Second prophase from mutant as; showing 12 chromosomes plus 2 chromatids in the left 
group and 11 chromosomes in the right group. Fig. 19—Second pro-metaphase from 
a normal plant showing 12 chromosomes in each group. Fig. 20—Second metaphase 
from a normal piant. Fig. 21—Second metaphase from mutant as, showing 10 chromo- 
somes and one chromatid in the left plate and 13 chromosomes and one chromatid in the 
right plate. Fig. 22—Second anaphase from as, showing normal distribution of the 
chromosomes. Fig. 23—Second anaphase from as: having lagging chromosomes. 
Fig. 24—Completion of second division from as: showing the 48 chromosomes distributed 
to 8 nuclei. 
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Megasporogenesis: No extensive studies of megasporogenesis were made. 
Sectioned material reveals breakdown in the ovules, in which the megaspores 
collapse after meiosis has been completed and before the embryo sac is 
formed. The ovule sterility exhibited by the asynapti¢ plants when pollinated 
with normal pollen indicates that the gene involved acts on megasporogenesis 
as well as on microsporogenesis. The occurrence of trisomic plants in the 
progeny produced by using the asynaptic plants as the ovule parent in crosses 
with normal material is also in accord with the behavior expected if asynapsis 
is occurring in megasporogenesis, thereby producing gametes with unbal- 
anced chromosome complements. In the relatively small progenies grown, no 
triploid plants have occurred. Such plants would be expected to arise from 
the fertilization of unreduced gametes. If such gametes are produced, they 
must be of low occurrence as indicated by examination of microsporocyte 
material. 

Tapetal development: In view of the fact that disturbances in tapetal de- 
velopment had been observed in male-sterile mutants of tomato (Rick 1948) 
sectioned anthers were examined. Tapetal development and disintegration in 
both mutants paralleled the process in normal material and no abnormalities 
were observed. The action of these asynaptic genes is apparently confined to 
pollen mother cells and embryo-sac mother cells. 


EFFECT ON LINKAGE 


The lack of pairing in these asynaptic mutants suggested that it might be 
interesting to test the effects of the genes on the amount of genetic crossing 
over. These tests were limited to the two mutants, as; and ass, which were 
used for the cytological observations. 

Both mutants were studied according to the same genetic procedure as 
the following used for as;. The two marker genes used for the tests are 
located in linkage group I and both are readily identified in the seedling stage. 
One of these genes controls dwarf growth habit (d,) and the other (Wo) 
produces canescent foliage. The d; gene is completely recessive to its allele 
(D,) which produces normal, tall plants; the (Wo) gene is dominant over 
its allele (wo), which produces normal foliage, and is lethal in the homozy- 
gous condition. YouNG and Mac ArtTHuR (1947) indicate these two genes 
to be about 27 crossover units apart. 

A stock homozygous for d; and heterozygous for Wo was crossed with a 
plant homozygous for as;. As with all other crosses involving them, the 
asynaptic plants in all of these crosses were used as the ovule parent. The 
seed resulting from these crosses was planted in the greenhouse and a plant 
heterozygous for the Wo gene was selected and seed obtained by controlled 
self-pollination. The genotypes of the parents required that this plant be 
heterozygous for the as; and the d; genes. From the resulting segregating 
progeny plants were selected which were phenotypically Wooly (Wo), nor- 
mal in growth habit and asynaptic. The asynaptic condition was determined 
by its sterility according to the method outlined in the section on Inheritance. 
The selected plants were planted to the field in the spring of 1948, and each 
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one crossed to a stock which was homozygous for the d; gene. Sample seed 
lots from each of these selected plants were sown in order to determine 
which of these sterile Wooly plants were heterozygous for the d; gene. When 
the plants heterozygous for the d; gene had been determined, 250 seeds re- 
sulting from crossing of one of them with the stock homozygous for d, were 
planted and the progeny scored for Wooly or normal foliage and dwarf or 
normal growth habit. 

It was also necessary to establish crossover values in material which was 
genetically like the asynaptic plants but not possessing the asynaptic gene in 
the homozygous condition. For this purpose the heterozygous Wooly F, of 
the asynaptic plant and the stock which was homozygous for the d; gene and 
heterozygous for the Wo gene was used. This plant was heterozygous for the 
genes Wo, d;, and as, and therefore genetically like the plants used in the 
test crosses except that it was fertile. This plant was carried as a clone and 
then was crossed to a plant homozygous for the d; gene. The resulting prog- 
eny were scored in the same manner as noted above for the test progeny. 

The original test families, 49L57 (mutant as,), and 49L58 (mutant as4), 
showed a higher percentage of crossing over than their respective control 
families. The values obtained for each test family were compared with the 
values from the appropriate control family in a 2 x 4 contingency table. Chi- 
square values of 5.234 for family 49L57 and 4.717 for family 49L58 were 
obtained and are not significant at the five percent level. However, since the 
difference in crossing over between each mutant and its control was in the 
same direction and of the same magnitude, additional test progeny and con- 
trols were grown to see if the increases indicated would be maintained. The 
values obtained were tested in the same manner as the original test families. 
The chi-square values for the six families are 1.135, 0.921, 4.007, 0.827, 3.169, 
and 2.316 for families 50L6, 50L7, 50L8, 50L9, 50L10, and 50L11 respec- 
tively. None of these values are significant at the five percent level. The 
results of ‘the crossing over tests in all families appear in table 8. The tests 
indicate that these differences in crossover values between mutants and con- 
trols could be explained by sampling error alone and are not necessarily due 
to the effect of the asynaptic genes. 


DISCUSSION 


PRAKKEN (1943) classifies the cases of probably genically caused asynap- 
sis according to the intensity of the effect, into three groups: (1) Weak 
asynapsis.. (2) Medium strong asynapsis. (3) Complete asynapsis. Because 
of the behayior exhibited by the two mutants investigated here, they can be 
placed in the second group along with Rumex, Pisum, Crepis and Secale 
(PRAKKEN 1943). This group is characterized by a variable number of uni- 
valents at first metaphase, a normal spindle, some of the univalents moving 
toward the equator, splitting of the univalents at first anaphase, interphase 
almost always with two nuclei, irregular second division with lagging chromo- 
somes and consequent high sterility (PRAKKEN 1943). Like the other mem- 
bers of this group, the two mutants studied are capable of complete pachytene 
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TABLE 8 
Summary of linkage data. 





Number of individuals 











Non-Crossovers Crossovers 
——————— . Total % Crossovers 
jad Wod: +d, Wo+ 
Mutant as, 
49L57 57 60 4l 37 195 40.2 
50L6 95 71 39 44 249 53.3 
50L7 77 65 37 48 227 37.4 
50L8 78 83 40 32 233 30.9 
Control 
49L17 84 95 35 50 264 32.4 
50L14 89 72 48 47 256 37.1 
Mutant as, 
49L58 81 77 42 39 239 34.0 
50L9 82 76 38 34 230 31.3 
50L10 46 48 28 29 151 37.7 
50L11 62 64 36 22 184 31.5 
Control 
49L16 110 88 38 31 267 26.0 
50L15 86 95 42 43 266 31.9 





pairing. However, cytological studies indicated that in both as, and as, there 
is a variable failure of synapsis between chromosomes, the elements of which 
cannot be considered as being other than closely homologous. 

Genetic tests indicate that both of these mutants as well as the other three 
studied genetically are each controlled by a different, single, recessive gene. 
Just what physiological action such a gene in a single chromosome controls 
to be able to alter the early prophase pairing relations and consequently the 
resulting pairing and chiasma frequency at the later stages of the entire 
chromosome complement is indeed unknown and is a question on which one 
can only speculate. 

Cytological examination indicates that part of the action of these asynaptic 
genes is to reduce the amount of initial chromosome pairing. According to 
the precocity theory of reduction division (DARLINGTON 1937), a first meiotic 
prophase beginning too late gives the chromosomes time to divide longitu- 
dinally, and therefore thev are unable to pair. Husk1ns and HEARNE (1933) 
correlated lack of pairing in asynaptic fatuoid Avena dwarfs with premature 
splitting of the chromosome threads. In the studies reported here doubleness 
of the strands at early prophase was not apparent if it was present. Accord- 
ing to the retardation theory of reduction division (Sax and Sax 1935) a 
first meiotic prophase beginning too early or proceeding too fast interferes 
with the despiralization of the chromosomes and so prevents the pairing. 
Here again no visual evidence of such a lack of despiralization was obtained 
with the methods used on the material examined in this study. The possibility 
remains that the interference with pairing and chiasma formation observed is 
due to a shortening of the time period during pairing and thereby interfering 
with the completion of pairing and chiasmata formation. 
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Although the material would not permit satisfactory quantitative compari- 
sons of the amount of pairing and number of chiasmata in various stages of 
meiotic prophase, general observations give the impression that the asynaptic 
genes act to reduce pairing in stages following pachytene, in which stage the 
initial effect to prevent pairing is well demonstrated. This impression is sub- 
stantiated by a comparison of the rates of crossing over in the asynaptic 
plants with chiasmata counts from the same plants. For even though crossing 
over in the gametes tested from asynaptic plants was not statistically different 
from the crossing over in the gametes from normal plants, the number of 
chiasmata per cell at diakinesis was reduced in all cells examined of the 
asynaptic mutants. It therefore seems likely that, even in sporocytes of asyn- 
aptic plants that give rise to viable gametes and have rates of crossing over 
at least as high as normal, the number of chiasmata as counted at diakinesis 
are below normal. Assuming the usually accepted Janssens’ theory that chias- 
mata result from crossing over, the number of chiasmata and probably the 
number of paired chromosomes is therefore reduced in stages subsequent to 
pachytene. 

Although the genetic tests do not show any statistically significant effect 
of the asynaptic genes on crossing over, it is necessary to point out that 
gametes which developed from sporocytes having normal or nearly normal 
pairing were tested while gametes developing from sporocytes having a lower 
degree of chromosomal pairing were inviable and therefore not tested. Even 
if crossing over was affected in the gametes with a small amount of chromo- 
some pairing, it would not be tested by the method used. However, the 
possibility that crossing over is normal even in sporocytes showing reduced 
meiotic pairing, if the chromosomes were associated during the time of gene 
exchange, cannot be eliminated. It is of interest to note, in this connection, 
that Ruoapes (1947) testing diploid gametes, which presumably are pro- 
duced from sporocytes with little or no pairing of. homologous chromosomes, 
found considerable crossing over in the sh-w« region in asynaptic maize. Such 
results suggest that crossing over in asynaptic plants may not necessarily be 
associated with visible chiasmata in meiosis or with pairing at meiotic stages 
later than pachytene. If this is the case then asynaptic genes could affect pair- 
ing and chiasma frequency at any point in the meiotic process after crossing 
over occurs and still not affect genetic crossing over. 

It is known that abnormal temperatures and other abnormal environmental 
conditions affect the meiotic pairing in normal material (see SHarP 1934). 
Since it has also been shown that temperature, in the presence of asynaptic 
genes, affects the amount of asynapsis it is reasonable to postulate that the 
action of the asynaptic gene may be to shift the temperature range for normal 
meiosis. That is, in normal material meiosis proceeds normally in a certain 
range of temperatures but the presence of an asynaptic gene may shift the 
norm in which meiosis: will proceed normally to a temperature range above 
or below the normal range. 

In Petunia, Kostorr (1938) reports reduced chiasma formation and asyn- 
apsis to be produced by virus infestation. In the case of asynapsis in fatuoid 
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Avena dwarfs (Huskins and Hearne 1933) the loss of a pair of chromo- 
somes and therefore the loss of genes is probably responsible for the reduced 
pairing. Sears (1941) also reports asynapsis in a nullisomic of Triticum 
vulgare. It is tempting to suppose that all of these causative agents have their 
effect on the same physiological process in pairing. It must be remembered, 
however, that while the resultant asynapsis may be the same in each case the 
method or point of action of each of the causes may be quite different. 

The present study is not extensive enough to determine the exact method 
of action of the asynaptic genes but it is interesting to note how exact the 
action of such single genes can be. As far as could be determined, the pres- 
ence of the genes did not affect any process or plant structure other than 
meiosis. The action was specific for the pairing of the meiotic chromosomes 
with the other disturbances in meiosis dependent on the lack of pairing at 
metaphase. The extreme sensitiveness and delicate balance of the meiotic 
process is emphasized by the presence of such a disturbance as asynapsis. 
The dependence of the successful completion of meiosis on the maintenance 
of pairing until anaphase is emphasized. Not only the completion of meiosis 
but the very survival of the mutant, by sexual propagation, is greatly impaired 
by the reduced pairing of the chromosomes. 


SUMMARY 


1. Sterility in five mutant plants of the tomato variety San Marzano was 
found to be produced by asynapsis. Genetic studies on each mutant show 
that the condition, in each case, most probably is controlled by a single re- 
cessive gene. Appropriate test crosses indicate that none of the genes are 
allelic. Because each of these genes is therefore a single, independent reces- 
sive gene, it is proposed that the symbols as,, as2, as3, as4 and ass be assigned 
to them. 

2. There is no significant difference between the mutants and normal plants 
in measurements of length and diameter of anthers. Sectioned anthers show 
that the development and disintegration of the tapetal tissue in the mutants 
is normal. 

3. Two of the mutants, as; and asy, were selected for cytological studies of 
the meiotic cycle. Cytological studies on pollen mother cells indicated variable 
chromosome pairing at pachytene, diakinesis and metaphase in both mutants. 
Both mutants display normal pairing at pachytene in some cells. Mutant as, 
exhibits less pairing, as measured at diakinesis, than as,. Both mutants exhibit 
less pairing than normal material. Pairing in each mutant varied from day to 
day, from one temperature extreme to another, and from plant to plant. 
Meiotic material collected at different times during the same day suggests 
that temperature affects the amount of asynapsis produced by the asynaptic 
genes. Time studies of meiosis were not conducted so it is not possible to 
know definitely the direction of the effect. Assuming that zygotene is the 
temperature-sensitive stage, it seems most likely that increased temperature 
causes increased asynapsis. 

4. Chiasmata frequency, as measured at diakinesis, is also variable in both 
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mutants. Again as, has a lower average number of chiasmata per bivalent 
than as,. Both are lower than the normal material. The chiasmata frequency 
of the nucleolar chromosome, chromosome I, is higher than the mean fre- 
quency per chromosome for the entire complement in both mutants and in 
normal material. No significant difference was detected between the percent- 
age of terminal chiasmata in the mutants and that in normal material. 

5. The behavior of the univalents at first anaphase is variable. In some 
cases they are distributed at random without dividing, while in other cases 
they divided equationally. At second division the previously divided univalents 
are distributed at random, whereas the others divide, the division often being 
delayed. This irregular distribution of chromosomes at both divisions results 
in the formation of micronuclei and aborted pollen. The percentage of aborted 
pollen varied from 70 percent to 100 percent. Extensive studies of megasporo- 
genesis were not made, but the fruit set following the pollination of asynaptic 
plants with normal pollen indicates a high percentage of ovule sterility. 

6. The two mutants, as; and ass, used for cytological studies were also 
used for studying the possible effect of asynapsis on the amount of genetic 
crossing over. Two genes, Wooly (Wo) and dwarf (d,;), both on chromo- 
some I, were used in the genetic tests on the effect of the asynaptic genes on 
crossing over. The differences in crossover values between each of the mu- 
tants and their respective controls were not statistically significant. 

7. According to cytological observations, chromosome pairing is reduced 
by the asynaptic genes in the pachytene stage. Since the number of chiasmata 
per cell is reduced in all cells examined of the asynaptic mutants, it seems 
likely that, even in the sporocytes that give rise to viable gametes and have 
rates of crossing over at least as high as normal, chiasmata counts in later 
stages are below normal. If the usually accepted Janssens’ theory that chias- 
mata result from crossing over is assumed, the number of chiasmata and 
probably the number of paired chromosomes must be reduced in stages subse- 
quent to pachytene. It seems likely, therefore, that these genes act to reduce 
chromosome pairing in several stages beginning at least as early as pachytene 
and ending possibly as late as diakinesis. 
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